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ABSTRACT

Detecting change in benthic communities at San Cristobal reef, La Parguera, 2007-2009
by
Jeremy M. Kerr
Master of Science in Coastal and Watershed Science and Policy
California State University Monterey Bay, 20 10
The ecological integrity of coral reef ecosystems around the world and their
associated goods and services are threatened by the synergistic effects of natural and
anthropogenic disturbances. Benthic community composition at San Cristobal reef in La
Parguera, Puerto Rico, was monitored from 2007 to 2009 using SCUBA-based
photoquadrat surveys, and assessed for change over time using a model-comparison
approach, which accounted for spatial autocorrelation. Additionally, the optimal point
densities and optimal photoquadrat totals necessary to detect change reliably in
proportional cover were investigated. Benthic community structure was similar at all
sampling sites throughout the study; algal and sand classes were the dominant classes
with non-scleractinian invertebrate classes having similar or greater proportional cover
than scleractinian classes. Detected changes in scleractinian classes, including Acropora
and Montastraea classes, were lower than detected changes in other invertebrate classes.
To investigate optimal sampling intensity, one-hundred re-samples of the point overlays
were drawn for ten point densities, ranging from five points quadraf 1 to 90 points
quadraf I, and seven photoquadrat totals, ranging from two photoquadrats to 50
photoquadrats. The change for estimated proportional benthic cover between 2007 and
2008 for four benthic cover classes (M annularis, P. astreoides, poriferans, and sand)
within each re-sample were assessed for change. The minimum number of points
required to detect change reliably depended on the cover class and desired detection
02
sensitivity. Low point densities (e.g., five points photoquadraf l or 20 points m ) were
sufficient to detect large changes in classes with high proportional benthic cover while
02
high point densities (e.g., 70 points photoquadraf 1 or 280 points m ) were needed to
detect small changes in benthic cover classes with low proportional cover reliably.
02
Intermediate point densities (e.g., 50 points photoquadraf 1 or 200 points m ) enabled
detection of either small changes in classes with high proportional cover or large changes
in classes with low proportional cover. Lower quadrat totals (e.g., 20 photoquadrats 100
02
m ) were sufficient to detect large changes, and higher quadrat totals (e.g., 40
photoquadrats 100 m 2) were necessary to detect small changes reliably. Therefore,
researchers should be conservative when determining sampling intensity and select
higher point densities (e.g., 50-70 points photoqradraf l ) and higher photoquadrat totals
because a less intense sampling regime (e.g., five points photoquadraf 1 or 20
photoquadrats) could result in inaccurate proportional cover estimates and unreliable
detection of change. Programs monitoring benthic community structure in coral reefs
using points overlaid on photoquadrats should determine the appropriate point density
and number of photoquadrats per unit area based on proportional cover of the benthic
classes, minimum change in cover to be detected, and the spatial autocorrelation distance,
0

v
and should account for spatial autocorrelation between points when performing statistical
analyses.
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INTRODUCTION

The consensus among coral reef researchers is that the health of coral reef
ecosystems around the world has declined over the last half century and the declines will
continue into the near future (Wilkinson 2000, 2008; Gardner et al. 2003; Hughes et al.
2003; Wilkinson and Souter 2008). The declines in ecosystem health have been attributed
to the synergistic effects of storm damage (Gardner et al. 2005), nutrient enrichment
(Hughes 1994; Szmant 2002), large-scale bleaching events (Wilkinson and Souter 2008),
disease outbreaks (Mul1er et al. 2008), loss of herbivores (Lessios et al.1984; Gardner et
al. 2003), and predator outbreaks (Faure 1989) altering benthic community structure by
reducing live scleractinian cover and increasing macroalgae cover. These shifts in
community structure threaten the goods and services human communities derive from
coral reefs (Moberg and Folke 1999; Pandolfi et al. 2003) leading to a need to expand
conservation efforts (Hughes et al. 2003).
A necessary aspect to implementing and evaluating conservation actions is
establishing a measurement of baseline community structure and monitoring change in
that community structure over time through in situ sampling (Hil1 and Wilkinson 2004).
Sampling methods for benthic communities of coral reefs include manta tows (e.g., Baker
et al. 1990), swimming surveys (DeVantier et al. 2006), belt transects (Bries et al. 2004),
linear transects (Steiner and Kerr 2005), point intercept transects (Hass et al. 2010), video
transects (Japp and McField 200 I), photo transects (Done et al. 2007), and photoquadrats
(Preskitt et al. 2004). The samples provide data on benthic community structure over time
and statistical analysis of the data is used to infer change in the sampled communities.
A variety of statistical methods are used to evaluate whether or not change has
occurred and each of these involves some assumptions or constraints that are often not
easily met (Zuur et al. 2007, 2009). In particular, sampling units collected by divers in
marine systems are often close together because of the difficulty of covering large areas
underwater. This close proximity means that the necessary assumption of independent
residual variation between sample units does hold without special consideration. This
assumption implies that the residual variation in one observation is not dependent on the
residual variation of any other observation.
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Ecological data often violate the assumption of independence between
observations due to the presence of spatial autocorrelation (Legendre and Fortin) 989;
Legendre 1993; Legendre et ai. 2002; Zuur et al. 2007, 2009; Kissling and Carl 2008).
Legendre (1993) defined spatial autocorrelation as, "the property of random variables
taking values, at pairs of locations a certain distance apart, that are more similar (positive
autocorrelation) or less similar (negative autocorrelation) than expected for randomly
associated pairs of observations." In other words, residual variation in a datum

(~)

at one

location either positively or negatively affects residual variation in a datum (1'; ) at
another location, thus contradicting the assumption of independence between
observations. Under the assumption of independence, each observation contributes one
full degree of freedom for the statistical test; however, a lack of independence means that
each observation contributes a fraction of a degree offreedom (Legendre and Fortin
1989; Legendre) 993). Failure to account for spatial autocorrelation leads to inflated
Type I error rates due to underestimated confidence intervals (Legendre et al. 2002),
biased correlation and regression parameters (Kissling and Carl 2008), and can reverse
the direction of estimated effects of explanatory variables on response variables (KUhn
2007). Consequently, the presence of spatial autocorrelation is problematic for inference
and hypothesis testing using a frequentist approach to statistical analysis (Dormann et at
2007; Kissling and Carl 2008).
One approach to account for spatial autocorrelation in ecological data is to
incorporate spatial autocorrelation into the statistical models (Legendre and Fortin) 989;
Dormann et ai. 2007; KUhn 2007; Zuur et at 2007, 2009). Regression models can take
the form of autoregressive models (Legendre and Fortin 1989; Dormann et at. 2007;
Kissling and Carl 2008) in which a variable describing the spatial autocorrelation
between observations is incorporated into the regression model as an explanatory variable
(Legendre and Fortin 1989; Dormann et al. 2007). A specific case of an autoregressive
model is the autoiogistic regressive model, which is a logistic regression model that
incorporates the spatial autocovariance variable (Augustin et aI.1996).
Spatial correlation between sampling units is seldom accounted for during
analyses of change in benthic communities indicating that these analyses can be
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improved. By accounting for spatial correlation, inferences of change in benthic
communities will be more reliable thereby improving the reliability of information
available to resource managers on a system's current status and changes within that
system. This study aimed to improve analysis of change in proportional benthic cover by
a) developing a method for evaluating change given spatially correlated data acquired
from points overlaid on photoquadrats; b) developing a method for optimizing sampling
designs using points overlaid on photoquadrats, and c) applying the methods to a case
study at San Cristobal reef in La Parguera, Puerto Rico. This location was selected
because it is included in an ongoing effort (since 2004) by researchers from the National
Aeronautics and Space Administration (NASA) and the University of Puerto Rico at
Mayaguez (UPRM) to remotely-sense coral reef communities in the La Parguera area.
They collected hyperspectral imagery ofthe reefs using NASA's Airborne
Visible/Infrared Imaging Spectrometer (A VIRIS) (Guild et al. 2006, 2008; Lobitz et al.
2009), flown at low altitude on-board NASA's Twin Otter aircraft, and coincident field
data. Their work contributes to a multi-agency effort to assess change in benthic
communities following the Caribbean bleaching event in 2005. Due to historic benthic
community composition (Ballantine et al. 2005), the 2005 bleaching event, and storm
surge generated by Hurricane Dean in August 2007, I postulated that benthic community
structure in La Parguera reefs would change over time following these events.
Specifically, proportional cover of macroalgae would be high at the beginning of the
study and decrease over time while the proportional cover of scleractinians would begin
low and, in the absence of major disturbances, increase each year. The observed changes
in proportional cover were expected to be small, thus sampling intensity needed to be
high to detect change reliably. The high sampling intensity led to spatial correlation
between sampling units, which was then accounted for during statistical analysis.

4
METHODS

Overall approach
The overall approach developed for this study involved sampling of benthic
communities, assessing the magnitude of change between samples, and quantifying the
evidence supporting whether change did or did not occur, and, post hoc, considering the
optimal sampling design. The benthic communities were sampled using points overlaid
on photoquadrats; these point overlays were aggregated to provide estimated proportional
cover for each benthic cover class within each sample site for each year. Autologistic
regression models that account for spatial autocorrelation between points were then fit to
the point data. Next, the change and the strength of evidence supporting change were
assessed by using information theoretic (model comparison) techniques on the models.
The theoretically optimal sampling design was then determined by re-sampling the
complete data set to reflect differing point densities (points photoquadraf 1) and quadrat
totals. Finally, the information theoretic technique was applied to each re-sampled data
set thereby enabling identification of point densities and quadrat totals that produced
reliable results.

Study location
La Parguera is located along the southwestern coast of Puerto Rico (Figure I).
The area contains patch reefs that protect the shoreline from strong wave action resulting
in large seagrass beds on the leeward sides of the reefs and a shoreline dominated by
mangroves (Guild et al. 2006; Ryan et al. 2008). Benthic communities in this area have
been previously affected by bleaching and storm events. Historically, bleaching events
coinciding with elevated and prolonged water temperatures were observed in 1969, 1987,
1990, 1995, and 1998 (Winter et al. 1997; Garcia-Sais et al. 2005) and cases of minor to
moderate bleaching were also observed in 1981, ) 987, 1989, 1991, 1992, and 1993
(Winter et al. ) 997). This area has also been impacted by hurricanes with Garcia-Sais et
at. (2005) suggesting that hurricanes may, "be the main factor in the decimation of
elkhorn coral (Acropora palmata) biotopes in [Puerto Rican] reefs." In 1963, Hurricane
Edith, a category 1 hurricane, passed within 49 nmi of La Parguera resulting in little
damage to terrestrial systems and extensive alteration of the benthos within several patch
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reefs (Glynn et aJ. 1964). Although a relatively weak storm, the hurricane toppled and
fragmented large colonies of A. pa/mata in the fore reefzones of several reefs, and
distributed Porites porites fragments throughout the back reef zones (Glynn et al. 1964).
More recently, the La Parguera area experienced a bleaching event in 2005 and
wave action generated by the passing of Hurricane Dean to the south in 2007. In 2005,
anomalously high sea surface temperatures (Le., >30 0 C) were observed in the western
Atlantic Ocean and northeastern Caribbean Sea, and they persisted for 4 to 6 months in
some locations (Donner et al. 2007; Wilkinson and Souter 2008). The prolonged
exposure to elevated ocean temperatures resulted in severe bleaching of scleractinians
throughout the eastern tropical Atlantic (Miller et al. 2006; Donner et al. 2007; Whelan et
al. 2007; Oxenford et al. 2008; Muller et aJ. 2008; Rowlands et al. 2008; Steiner and Kerr
2008; Wilkinson and Souter 2008). In August 2007, Hurricane Dean, the strongest
hurricane of the 2007 season, formed in the Atlantic Ocean and traversed the Caribbean
Sea eventually making landfall in Mexico as a Category 5 Hurricane (Franklin 2008).
The storm passed, "about 180 nmi south of Puerto Rico" (Franklin 2008). The wave
action produced by the storm toppled and fragmented colonies of A. cervicornis and A.

pa/mata at San Cristobal reef (R. Armstrong, pers. comm.).
San Cristobal is a medium-sized patch reef in comparison to surrounding patch
reefs (Figures I and 2). Before 2005, overall live scleractinian cover in La Parguera reefs
was 18% with Montastraea spp. being the most abundant live scleractinian cover
(Ballantine et al. 2008). Live Acropora spp. cover was abundant in the shallows areas,
and the platform of San Cristobal contained a large stand and numerous small stands of

A. cervicornis (Ballantine et al. 2008). During the 2005 bleaching event, researchers
observed bleaching in colonies of 52 scleractinian species in the La Parguera area and
outbreaks of several diseases (Ballantine et al. 2008). Following the bleaching event and
the disease outbreaks, mass mortality of live scleractinian cover occurred, and sexual
reproduction in Acropora spp. and Montastraea spp. was almost non-existent (Ballantine
et al. 2008). Additionally, the large A. cervicornis stand in San Cristobal's platform
suffered near 100% mortality following the disturbances in 2005 (Ballantine et a1. 2008).
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Figure 1: Mosaic of A VlRJS fli ght lines over the La Parguera area in sout hwestern
Puerto Rico, The data were collected in Decem ber 2005 through a combined effort
of NASA and UPRM researchers, The A V1RIS instrument was flow n aboard
NASA's Twin Otter aircraft providing a nominal spatial resolution of 4-m by 4-m
for each pixel. San Cristo bal reef and th location of UPRM research station on Isla
Magueyas al'e labeled.
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Figure 2: Aerial photogra p h of San Cristobal reef with a nomi nal spatial resolution
of 67 em by 67 em. The sam pling sites for this study are identified.

Sampling sites
The seven sampling sites in this study were selected to provide ground-truth data
on the benthic composition of shallow communities at San Cristobal reef for comparison
with the resu lts of spectral unm ix ing of hyperspectral data (Guild et aI. 2006, 2009). As
such, the sampling design used to estimate proportional cover and detect change in
benthic comm unitie was established pri or to the start of the present study. Si x of the
seve n sampling site were sampled while free di ing, and the seventh site (Site 235 ) was
samp led wh ile scuba div ing. The sampling sites were located in the back reef and reef
slope zones w ith no sampling locations located on the seaward si de (i.e .. southern side) of
the re f crest. Site 70, located on the western side of the back reef zone near the transit ion
to the reef slope zone, was primarily composed of massive coral colonies (Monlaslraea
spp.. primarily) and gorgonian colonies in terspersed by sand . Si te 73 was composed of
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coral rubble from both branching and massive scleractinians, macroalgae, and sand; it
was located in the eastern side of the back reef zone. Sites 155 and 157 were adjacent
sites located within the eastern reef slope, near the transition to back reef zone, primarily
composed of A. palmata rubble, poriferans, and Porolithon. Site 226, located in the south
of the back reef zone, was primarily composed of branching scleractinian rubble and
sand. Site 235 was the deepest sampling site and was located in the eastern reef slope
zone near the forereef; it was composed of massive coral colonies (Montastraea spp.,
primarily) interspersed with sand. Site 237, the northern most sampling site, was located
in the back reef zone, and it was composed of branching scleractinian and gorgonian
rubble, gorgonians, encrusting poriferans, the seagrass Thalassia testudinum, and sand.

Transects
Within each sampling location, divers placed a central 10m transect line (i.e.,
primary base line). Figure 3 shows the idealized version of the sampling design. At the
ends ofthe base line, GPS coordinates were taken using a Garmin GPS76CSx handheld
unit (Garmin 2009) in a small dry bag and a differential GPS (dGPS) attached to a small
boat, and permanent markers were placed in or on the reef. The GPS points and markers
were used to relocate the endpoints of the base line in subsequent years. After data
collection along the base line was completed, a 10-m transect line was placed
perpendicularly so that its center (Le., 5-m mark) intersected the base line at its 3-m mark
(Figure 3). After data collection along this second transect line was completed, the
transect line was moved to the 7-m mark, and data was collected along this transect line.
To avoid overlap in the photoquadrats, divers did not collect photoquadrats between the 4
m and 6 m marks on the perpendicular transect lines, thus providing a 50 cm buffer on
these perpendicular lines around their intersection with the base line.
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3-m transect line

7-m transect line

~lm

Base transect line

Fir,ure 3: A diagram of ill situ sampling method for a 3-pixel by 3-p ixel area (~81
01 ). Each red box represents a theoretical 3-m by 3-01 pixel (- 9 m ) within an
AVlRIS image. Blue lines represent 10-m transects. Small black boxes rep resent the
placement of a O.5-m by O.5-m (0.25 m2) quad rat for a photoquadrat. One hu nd red
points were placed within each photoquadrat.

Pbotoquadrats
Photoquadrats (i.e ., underwater images of quadrats) w re used to prov ide data on
benthic community structure (Figure 4). They were collected along the base transect and
along each p rpendicular transect using a digital camera in an underwater housing.
Photoqu ad rats we re 0.5-m by 0.5-m squares covering an area ofO.25-m 2 and made out of
PVC pipe. The first quadrat was placed on the right side of the base li ne with the bottom
left comer placed at the O-m mark (Figure 3). A photoquadrat was taken with a di gital
camera encased in an underwater housing. After the photoquadrat was completed, a diver
moved the quadrat to the left side of the base line with the bottom right comer of the
quadrat placed at approximately the 0.5-m mark and another photoquadrat was taken.
Th i process was repeated along the length of the base line resu lting in 20 photoquadrats.
After the collection of photoquadrats along the base line was completed, the fi rst
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perp ndicu lar transect line was centered at the 3-m mark on the base transect line.
Photoquadrats were taken alo ng the length of this transect line resul ting in 20
photoquadrat . After collection of photoquadrats along this perpendicular line was
completed, the process was repeated along the second perpendicular transect line,
centered at the 7-m mark on the base transect line. This overall process resulted in
approximatel y 60 photoquadrats for each sampling location during each sampling year.

Figure 4: P hotoquadrat collected from Site 235 at Sa n Cristobal reef, December
2007. Each leg of the quad rat is 50 cm providing a framed area of 0.25 m 2 (2500
2

em ).

Photoquadrat Rectifi cation
The quadrats in the resulting photoquadrats were obli que and did not appear
square due to camera angle and diver positioning (Figure 4). The photoquadrats we re
rectified us ing the ERDAS Imagine software suite (ERDAS 2009) so that quadrats
appeared as squares (Figure 5). For each photoquadrat, eight ground control points
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(GCPs) were used to correct the photoquadrats: one at each corner and one appro xi mate ly
in the mi dd le of each leg. A second-order nearest neighbor image resampl ing with the
GCPs was p rform ed to r ctify the photoquadrats. Photoquadrats were not rectified if the
corners of the quadrat, u. ed as references for the rectification process, were not vi ible
within the image. When overlap between separate photoquadrats was observed , the
photoquadrats chosen for rectification prov ided the greatest number of photoquadrats
(and thus the greatest total sampling area) with no overlap between rectified
photoquadrats.

Figure 5: Photoquadrat (Figure 4) collected from Site 235 at San Cristobal reef,
December 2007, after rectification. The quad rat appears closer to a square tha n in
the unrectified version.

Benthic cover estimates
Po ints were overlaid on the photoquadrats usi ng the Coral Point Count with Excel
xte nsio ns (CPCe) software package (Kohler and Gill 2006). For each rectifi ed
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photoquadrat, a stratified random point distribution using 100 points was created (Figure
6). The points were stratified as such: the photoquadrat was divided into a grid of 10
boxes by 10 boxes with each box being ~25 cm 2, and 1 point was randomly placed within
each box. This is an option when placing points within CPCe. The extent of the point
distribution was delineated by manually creating a border that coincided with the area
framed by the quadrat.

Figure 6: Rectified photoquadrat from Site 235 at San Cristobal reef, December
2007, (Figure 5) with 100 stratified random points overlaid in CPCe (Kohler and
Gill 2006).
The benthic cover class under each point was assigned using the CPCe default
classes (Figure 7). Benthic class identifications were based on Humann and DeLoach
(2002). Macroalgae were identified to Genus, and scleractinians were identified to
species. These levels of identification were not possible at all times due to image
distortion, shading effects, or inability to distinguish identifiable characteristics. The
generic macroalgae and coral categories were used for points that overlaid scleractinian
colonies or macroalgae thalli that could not be identified to the species or Genus level.
The Shadow class was assigned anytime shadowing effects prevented benthic cover class
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identification at that point. The Wand class was assigned when a point was placed over
the quadrat or a diver' s hand. Proportional benthic cover was estimated using the R
statistical program (R Development Core Team 2009).

Figure 7: Default benthic class codes for CPCe (Kohler and Gill 2006).

Spatial Autocorrelation
The coral reef benthos is a mosaic of abiotic and biotic patches whose location on
the reef is shaped through various physical and biological forces that occur over variable
spatial scales, and as such, statistical analyses of samples from the reef benthos need to
acknowledge the spatial nature of the observations. Spatial autocorrelation occurs when
an observation at one location either positively or negatively affects the observation at
another point (Legendre 1993), and it is often observed in ecological data (Zuur et a1.
2007,2009). The presence of spatial autocorrelation within the raw data and model
residuals was demonstrated by plotting covariance against separation distance (between
two observations) creating correlograms (Legendre and Fortin 1989). To account for this,
the spatial autocorrelation for each point was estimated , thereby creating a value that
could be included as an explanatory variable in the models. This was achieved by
creating a correlogram for each benthic cover class in each year of the data and fitting a
function to the spatial autocorrelation values within the correlogram to model the decay
of spatial autocorrelation with increasing distance. An exponential function and an
inverse-distance function were compared to identify which of the two better described the
decay of spatial autocorrelation. Estimated covariance between two points was calculated
from the fitted spatial autocorrelation model as a function of separation distance,
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calculated as the Euclidean distance between the two points. For a given point, the spatial
autocorrelation with neighboring points was calculated as the average autocorrelation
with points within a 100 cm radius. Creation and plotting of correlograms and modeling
of spatial autocorrelation were performed using the R statistical program (R Development
Core Team 2009).

Statistical Model
To assess the occurrence of change in proportional benthic cover between two
years, two statistical models were compared using a model-comparison approach
(described in detail below). This approach estimates which of the competing models best
fits the data. For each benthic cover class, two logistic models were compared where
each model represented a different, competing hypothesis for the presence of a benthic
cover class at a point. The two models were

= I) = 10girl(Po + Ps • sac)
MI: Pr(~ = 1) = logifl(po + P. 'sac+ Py ' year)
MO: Pr(J~

where

Ioglt'·1 (-x) =

1
1+ exp(-x)

MO and Ml are Models 0 and 1, respectively,

~

,

is a binary response at point i, sac is the

spatial autocovariance variable, year is a binary response for time, and

P is an estimable

parameter, and x is a linear combination of covariates being input into the logit function.
This input varies with the model. Model 0 represented a situation where no change due to
time occurred, and Modell represented a situation where change due to time did occur.
The sampling unit for analysis was the point (Le., a single point from the points
overlaid on the photoquadrats). For each point, a binary response (Le., presence or
absence resulting in

~

=0

or

~

= 1, respectively) was created for the benthic cover class

being tested for change. Given this type of response, the logistic model needed to be used
to analyze the influence of year on the presence of a benthic cover class at a given point.
A spatial autocovariance variable was incorporated into the logistic regression, thereby
making the resulting model an autologistic model (Augustin et al. 1996). Time was
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represented through a binary variable for year (i.e., year = 0 or year

I ); the first year in

a tested data set had year equal to 0 and the second year had year equal to I.

Model Selection
An information-theoretic (model comparison) approach based on Akaike
Information Criteria (AlC ; Akaike 1973; Burnham and Anderson 2002) was used to
assess the occurrence of change. The AlC weight ( Wi ), which represents the probability
that each model was the best-fit model, was calculated for each model, and an evidence
ratio (ER) was calculated to quantify the strength of the evidence supporting the best-fit
model (Burnham and Anderson 2002). For descriptive purposes, evidence ratios were
interpreted within four categories to provide a qualitative description of the level of
evidence supporting the selected candidate model (Table I) following the methods of
Croyle (2009). This model comparison process was performed using the R statistical
program (R Development Core Team 2009).
Table 1: Qualitative descriptions used to describe evidence ratio values (as
described in Croyle 2009), that indicate the amount of evidence supporting a
selected model, which represent whether change did or did not occur.
Evidence

Evidence Ratio

Description
The selected model barely has more supporting evidence
than the other candidate model indicating high
uncertainty in the detection of change.

Minimal

Substantial

.JIO < ER s 10

The selected model has substantially more supporting
evidence than the other candidate model indicating
substantial support for the selected model.

Strong

10 < ER s 100

The selected model has strong supporting evidence
compared to other candidate model indicating strong
support for the selected model.

Decisive

ER> 100

The selected model is decisively better than the other
candidate model indicating decisive evidence for a
selected model.

.JIO ~3.16
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Determining optimal sampling density
A sensitivity analysis was perfonned to examine how point density (i.e., points
photoquadrar l ) and photoquadrat totals affected the estimated benthic cover and model
selection results. Point densities in this analysis ranged from 5 points photoquadrar l to 90
points photoquadraf I, and photoquadrat totals ranged from 2 photoquadrats to 50
photoquadrats (Table 2). One hundred random samples were drawn from a larger data set
(100 points photoquadraf l data set from Site 235 between 2007 and 2008 with 57 and 59
total photoquadrats, respectively) for each point density and photoquadrat total to create
100 new data sets on which the model selection process to detect change was perfonned.
Four benthic cover classes common to reef locales in the Caribbean (M annularis, P.

astreoides, poriferans, and sand) were included in this sensitivity analysis. These classes
were selected because they represented a variety of I) change in proportional cover
estimates between sampling, 2) actual detection of change, and 3) evidence supporting
the detection of change.

Table 2: The point densities and number of photoquadrats used in the sensitivity
analysis.
Value

Resample sizes
points per photoquadrat

Number of photoquadrats

5, 10, 20, 30, 40, 50, 60, 70, 80, 90
2, 5, 10, 20, 30, 40, 50

RESULTS

Photoquadrats
A total of 1192 photoquadrats collected from San Cristobal reef were used to
calculate benthic cover estimates and to evaluate change (Table 3). In 2007, 2008, and
2009, 405, 414, and 373 photoquadrats were rectified, respectively. The number of
photoquadrats within a year at a site ranged from 45 to 63 (Figure 8). Not all collected
photoquadrats were rectified, due to image quality issues associated with collection in the
field (see 'Photoquadrat Rectification' above for greater detail), and used for analysis
resulting in this variation.
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Table 3: The number of photoquadrats and the number of points per sampling
location for the years 2007, 2008, and 2009.
No. Photoquadrats
Location 2007 2008 2009 Total

No. Points
2007

2008

2009

Total

70

56

61

52

169

5600

6100

5200

16,900

73

60

63

59

182

6000

6300

6900

18,200

155

61

58

49

168

6100

5800

4800

16,800

157

57

59

48

164

5700

5900

4800

16,400

226

59

54

60

173

5900

5400

6000

17,300

235

57

59

45

161

5700

5900

4500

16,100

237

55

60

60

175

5500

6000

6000

17,500

Total

405

414

373

1192

40,500 41,400 37,300 119,200

18

-l

v. ;'"
~I~~{I . ..,.'t;.
~~I~< l~
~.r
~ I .t~:,.~
~r /"t.
....

70

I

~I

[1\

I,\tl
r*1

I...YI
.. .<' .

--+..s-./

..

.:I-

~~

~

73

1\\

~

155

...

J:.

..

':I"

-:e. '
I" r!""''''.
I

~

157

\.

l
:::1,
I~
. \\ I I..... FEE
~

\.

.........

Ji

I

I'~I
~

~ \~

I

...

\

,i

I~I
226

.:::;,
1,
~• t•

~·

. I·.....
J\~

235

I

1ft

I

----.-·········1

I

$ /

I

/ I

T1
237

Site

Figure 8: Relative placement of rectified photoquadrats used to detect change in benthic cover classes within each of the seven
sampling sites at San Cristobal reef for 2007 through 2009. Missing photoquadrats were the result of image quality issues
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Genera and species presence
Seventeen scleractinian species were identified under the points (Table 4; Figure
9a-d). Although Montastraea annularis and M Javeolata could be distinguished in some
images, they could not be clearly distinguished in all images, thus they were grouped into
the M annularis-complex category (hereafter-referred to as M annularis) for analysis.

Porites porites, P. divaricata, and P. Jurcata were not separated during identification,
thus they are all grouped as P. porites. Image blurring and shading within images caused
some scleractinians under a point to be unidentifiable; these points were assigned the
generic "scleractinian" category.
Macroalgae identified in the photoquadrats included turf algae and the genera

Dictyota, Halimeda, and Porolithon (Figure ge, f). Epiphytic growth, image distortion
due to camera movement (Le., diver movement), and subject movement (i.e., macroalgae
swaying in the current) resulted in points that could be identified as macroalgae but could
not be identified to genus level, thus they were identified as the "macroalgae" class. The
genera Dictyota and Halimeda were included in this macroalgae class during analysis. In
2009, numerous Cyanobacteria thalli with a "fuzzy brown" appearance occurred at Site
73, and they were subsequently grouped into the "macroalgae" category.
Non-scleractinian, non-algal classes were identified for points within the
photoquadrats, and they were grouped into generic classes for the analyses. The
hydrocoral, Millepora, was identified in the study, but the lack of development in the
colonies prevented identification to the species level. Zoanthids identified within
photoquadrats included Palythoa caribaeorum and Zoanthus pulchellus. Gorgonians
included Erythripodium caribaeorum and the genera Gorgonia, Pseudoplexaura, and

Pseudopterogorgia. Sponge genera included, but were not limited to, Agelas,
Anthosigmella, and Cliona.
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Table 4: Scleractinian species identified under points overlaid on pbotoquadrats
from San Cristobal reef. Status as of April 2010 under the Endangered Species Act
(ESA) as described by the National Marine Fisberies Service (Acroporids: NOAA
2006; Other scleractinians: NOAA 2010). Predominant colony morphology observed
at San Cristobal reef, and babitat and abundance in the Caribbean as described by
Veron (2000a, 2000b, 2000c) and Humann and DeLoach (2002).
Scleractinian species

ESA status

Morphology

Habitat

Abundance

Acropora cervicornis

Threatened

Branching

Shallow outer reef slopes,
lagoons

Common

Acropora palmata

Threatened

Branching

Upper to mid-reef slopes;
lagoons

Common

Acropora prolifera

Not listed

Branching

Shallow reef slopes;
lagoons

Uncommon

Agaricia agaricites

Not listed

Submassive

Shallow reef environments

Common

Colpophyl/ia natans

Not listed

Massive

Shallow reef environments

Common

Dendrogyra cylindrus

Candidate

Pillar

Most reef environments

Uncommon

Dichocoenia stokesii

Candidate

Massive

Most reef environments

Uncommon

Diploria clivosa

Not listed

Massive

Most reef environments

Common

Dip/oria labyrinthiformis

Not listed

Massive

Shallow reef environments

Common

Diploria strigosa

Not listed

Massive

Most reef environments

Common

Meandrina meandrites

Not listed

Submassive

Most reef environments

Uncommon

Montastraea annularis

Candidate

Massive

Most reef environments

Common

Montastraea cavernosa

Not listed

Massive

All reef environments

Common

Porites astreoides

Not listed

Massive

All reef environments

Common

Porites porites

Not listed

Branching

Shallow protected reef
environments

Common

Siderastrea siderea

Not listed

Massive

Shallow reef environments

Common
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Figure 9: Examples of observed benthic cover classes. a) An Acropora cervicornis
colony surrounded by dead A. cervicornis covered by turf algae. b) An Acropora
palmata colony. c) A Montastraea antlularis colony surrounded by sand with an
Acropora recruit in the foreground and gorgon ian colonies in the backgro un d. d)
Porites astreoides colonies a nd a Montastraea colony surrounded by coral skeleton
covered by turf algae. e) Halimeda thalli. 1) Coral skeleton covered by a mix of turf
algae, Porolithon, and poriferans. (Photo credits: Joh n Preston a; Lia ne Guild b, d,
e, f; Jeremy Kerr c)
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Spatial autocorrelation
Spatial autocorrelation was present in the raw data (Figure 10) for all benthic
cover classes and model residuals for logistic models containing no spatial
autocorrelation term (Figure 11). The spatial autocorrelation range differed among
classes. For example, it was approximately 10 cm for P. astreoides and 80 cm for sand in
the raw data at site 235 in 2007 and 2008 (Figure 10). Due to the presence of spatial
autocorrelation in the raw data and models' residual values, an inverse distance model
and an exponential model for the spatial autocovariance structure were visually compared
for the 100 points photoquadraf l data set (Figure 11) to determine which model better
reduced spatial autocorrelation within the autologistic models' residual values. This
assured that the residuals were spatially independent and thus valid sample units for the
statistical analysis. It was found that unaccounted spatial autocorrelation was clearly
reduced in the models' residual values by adding a spatial autocorrelation term into the
model (Figure 11), and both spatial autocorrelation models (inverse distance and
exponential decay) had similar reductions in the unaccounted spatial autocorrelation
(Figure 11). The exponential model was used to model the spatial autocovariance
structure within the auto logistic models in the subsequent model selection processes for
change detection and in the sensitivity analysis.
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Figure 10: Example correiograms for raw data for the M. anl1u/aris, P. {lstreoides,
poriferan, and sand classes at Site 235 between 2007 (blue) and 2008 (red).
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Figure 11: Example correlogr ams for the sand class at Site 235 between 2007 and
2008 illustrating that incorporati ng a spatial autocorrelation te r m reduced
autocorrelation in the model resid ua l; this assured that the residu als a re spatially
independent and thus valid sample un its for the statistica l an a lysis. Included are
raw data (.), model residu als contain ing no spatial autocorrelation va riable (_),
model res id uals conta in in g an in verse distance spatial au tocorrelatio n va riable (+),
and model residua ls containing an exponentia l decay spa tial autocorrelation
variable (x) for 100 points photoq uad raf 1•

Changes in benth ic cover classes
Overall patterns in detected change in general benthic cover classes differed
among classes. among y ars, and among sampling sites (Figure l2a). Sampling si tes were
most often dominated by macroalgae cover with scleractinians ha vi ng the lowest
proportional cover class. Proportional cover of sand and non-scleract in ian invertebrate
was often greater than the scleractinian cover.
A common pattern of change among the scleractinian classes did not occur.
Proportional cover for scleract in ians was less than 10% at six sites with Site 235, the
deepest site. having proportional scleractinian cover less than 15% in a ll three y ars
(Tables 5 and 6). The d tected changes in scleractinian classes were relati ve ly smaller
than those detected in the other classes (Tables 5 and 6). M annularis was the dominant
scleractinian at fi ve sites (Figure 12b). A. cervicornis was the dominant scJeractinian at
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Site 237, and P. porites was the dominant scleractinian at site 226 (Figure 12b). M
annularis was evaluated for change at five sites (Tables 5 and 6), and detected changes

for this species were decreases at Site 70 in the first period between 2007 and 2008 (M I,
!J.p = -1.21 %, ER

= 26.92) and at Site 73 during the following period 2008 and 2009

(M I, I1p = -0.24%, ER

= 35.04 ). A.

cervicornis was evaluated for change at four sites

(Tables 5 and 6). In the first period, the only detected change for this species was a
decrease at site 226 (M I, !J.p = -0.07%, ER > 100). Increases were detected at Sites 73
(MI, I1p=0.19%, ER>IOO), 157(MI, !J.p = 0.29%, ER=3.83), and 237 (MI,
I1p

= 0.35%,

ER = 10.83) in the second period. P. astreoides and P. porites occurred at

five or more sites in all three years. For the five sites at which P. astreoides was
evaluated for change, increases were detected in the first period at Site 73 (M I,
!J.p

= 0.06%,

ER

= 12.17) and Site 235 (MI,

I1p

= 0.34%,

ER > 100). P. porites was

evaluated for change at four sites. A decrease was detected for this species at Site 70
from 2007 to 2008 (M I, I1p = -0.04%, ER = 8.00 ), and from 2008 to 2009, increases
were detected at Sites 155 (M I, !J.p
ER

=

= 0.05%,

ER = 27.93 )and 235 (M I, !J.p = 0.57%,

3.4 7 ). A. palmata was observed at two sites in all three years; and it was evaluated

for change at Site 155, where the only detected changed was an increase from 2008 to
2009 (M I, !J.p = 0.59%, ER > 100 ). Of the 12 other scleractinian species observed
(Table 4), three were not evaluated for change because they had less than 0.1 % estimated
proportional cover for the years they were observed (c. natans, D. stokesii, and M
meandrites). Change was not detected in four other scleractinians (A. prolifera, A.
agaricites, D. clivosa, and M cavernosa) during either period. An increase in D.
cylindrus cover was detected at Site 157, the only site where it was observed, from 2007

to 2008 (MI, !J.p = 0.20%, ER = 35.08). D. labyrinthiformis was observed at Sites 157
and 235. It was evaluated for change at Site 235 only, where an increase was detected in
the second period (MI, I1p = 0.15%, ER = 29.67). D. strigosa was observed in 3
locations (Sites 73, 226, and 237). The only detected change for this class was a decrease
at Site 73 in the second period (M I, !J.p = -0.61 %, ER = 35.04 ). S. siderea was observed
at Sites 155, 157, and 235, and its estimated proportional cover was found to increase in
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the first period (MI, IIp == 0.16%, ER
Ap

3.51) and decrease in the second period (M I,

-0.13%, ER == 6.90) at Site 155.
Proportional cover for non-scleractinian invertebrates was often greater than the

proportional cover of scleractinian classes (Figure 12a). Among the non-sc1eractinian
invertebrates, gorgonians and poriferans had the greatest proportional cover (Figure 12c).
Poriferan proportional cover generally increased through the study, and zoanthid cover
was similar throughout (Figure 12c). During the first period, increases were detected for
poriferansatSites73(MI, IIp=0.61%, ER>IOO), 157(MI, IIp

8.12%, ER>IOO),

235 (MI, IIp == 10.73%, ER == 8.05) and 237 (MI, IIp == 2.33%, ER> 100), and a
decrease was detected at Site 70 (M I, IIp

-1.54%, ER

97.45). For this class in the

second period, increases were detected at Sites 70 (MI, IIp = 1.03%, ER> 100), 73 (M I,
Ap

6.00%, ER> 100), 155 (MI, IIp = 6.93%, ER> 100),226 (MI, IIp

2.27%,

ER> 100), and 237 (MI, Ap = 10.25%, ER > 100). For the zoanthid class, the only
detected changes were increases at Site 235 from 2007 to 2008 (M I, IIp == 0.13%,

ER = 8.23) and at Site 226 the following period (M I, IIp = 3.11 %, ER > 100 ).
Gorgonian cover was generally consistent throughout the study (Figure 12c). For this
class, changes detected between 2007 and 2008 were mostly negative (Table 5); however,
between 2008 and 2009, all detected changes were positive (Table 6). The decreases
detected in the first period occurred at Sites 70 (M 1, IIp = -2.02%, ER > 100), 155 (MI,

IIp
Ap

IIp

-0.30%, ER>100),226 (MI, IIp=-1.5I%, ER > 100), and 237(MI,

= -7.98%, ER == 65.16). The lone increase was detected at Site 235 (MI,
2.66%, ER

7.70). The increases detected during the second period occurred at

Sites 155 (M 1, IIp = 2.64%, ER > 100 ), 226 (M I, IIp == 1.56%, ER> 100), and 237
(M1, IIp = 13.28%, ER == 4.99).
Turf algae was the dominant class at all sampling sites throughout the study
except for Site 73 in 2009 (Figure 12d). In general, proportional cover of turf algae
increased in the first period and then decreased during the second period (Tables 5 and 6).
For this class, increases were detected at Sites 70 (MI, Ap == 20.37%, ER > 100) and 73
(M 1, IIp = 12.42%, ER = 34.15) from 2007 to 2008, and decreases were detected at Sites
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73 (M I, L\p = -25.47%, ER > 100) and 237 (Ml, L\p = -]4.]5%, ER

5.02) from 2008

to 2009. Macroalgae cover, which included Halimeda and Dictyota, and Porolithon cover
were consistent throughout the study. For the macroalgae class from 2007 to 2008, a
decrease was detected at Site 73 (M I, L\p =-] .95%, ER> 100), and increases were
detected at Sites] 57 (M], L\p =6.51 %, ER = 56.06 ) and 226 (M 1, L\p = 5.55%,
ER > 100 ). During the following period, increases were detected at Sites 73 (M 1,
L\p = 35.88%, ER > 100), 155 (MI, L\p = 2.29%, ER> 100),226 (M I, L\p

ER = 4.84) and 237 (M 1, L\p

0.82%,

3.27%, ER > 100), and a decrease was detected at Site

235 (M], L\p = -0.20%, ER > ] 00). A Cyanobacteria bloom was observed at Site 73 in
2009, and it was grouped into the macroalgae class. This grouping resulted in a sharp
increase in macroalgae cover from 2008 to 2009 making it the dominant benthic cover
class at this site for 2009 (Figure 12d). From 2007 to 2008, increases were detected in the
Porolithon class at 235 (M I, L\p = 1.98%, ER > 100) and 237 (M I, L\p = 0.59%,
ER> 100). During the following period, increases for this class were detected at Site] 57

(M I, L\p = 1.90%, ER> 100) and 237 (M I, L\p
detected in Site 226 (M 1, L\p = -0.21 %, ER

0.75%, ER > 100), and a decrease was

3.27).
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Table 5: A summary of the statistical results as to whether change occurred or did
not occur within select benthic cover classes at the seven sampling sites. The
estimated change in benthic cover for 2007 to 2008, and the best-fit model and its
associated evidence ratio are listed. Bold indicates where Modell (change due to
year) was the best-fit model and the evidence supporting the model is 'substantial'
or greater (ER > .J1O ). The values are based on the 100 points photoquadraf1 data
sets with both Model 0 and Modell accounting for spatial autocorrelation using an
exponential decay function.
Transect

Class
A. cervicornis

70

A

73
0.27%;
MI: 1.33

A. palmata

IA

A

J.1. annularis

1-1.12%;
Ml: 26.92

0.39%;
MO: 1.14

155

A
1-0 .03 %;
MI: 2.28
1-0 .15%;
MO: 2.65

157

A
P
-0.35%;
MO: 2.54

226
-0.070/0;
Ml: >100

IA
IA
Ip

235

237
0.01%;
MO: 1.23

A
A

IA
Ip
A

-1.26%;
MO: 2.33
0.34%;
Ml: >100
-0.19%;
P
MO: 1.82
2.66%;
1-7•98%;
Ml: 65.16
Ml: 7.70
0.13%;
Ml: 8.23
10.73%;
12 •33 %;
Ml: >100
Ml: 8.05
1.20%;
1-0 .19%;
MI: 1.39
MO: 2.21
4.23%;
0
1 .47%;
MO: 2.51
MI: 2.72
1.98%;
1 0.59%;
Ml: >100 Ml: >100
-13.38%;
-7.54%;
MI: 1.97
Ml: 5.68

0.06%;
1-0.48%;
P
Ml: 12.17 MO: 2.37
1-0·04%;
10 .11%;
1-0 .33%;
P. porites
Ml: 8.00
MO: 2.32
MI: 1.47
2
02
0.99%;
-1.02%;
-0.30%;
-1.51 %;
1- • %;
Gorgonians
Ml: >100 MO: 1.95
Ml: >100 MI: 1.09
Ml: >100
0
0.75%;
0.09010;
60
1 . %;
Zoanthids
P
P
MO:2.64
MO: 2.16
MO: 2.38
1
54
%;
0.61
8.12%;
0 .34%;
1-4·76%;
1- • %;
Poriferans
Ml: 97.45 Ml: >100 MI: 3.03
Ml: >100 MO: 2.70
-1.95%;
6.51 %;
15.55010;
1-8 .42%;
10 .38%;
Macroa\gae
MI: 2.95
Ml: >100 MI: 1.04
Ml: 56.06 Ml: >100
-1.86%;
12.42%; 14.47%;
1 20.37%;
17.83 %;
Turf algae
Ml: >100 Ml: 34.15 MO: 1.18
MO: 2.38
MO: 2.46
14
0
1
2.54%;
-0.04%;
63
1- . %;
. %;
Porolithon
P
MO: 2.64
MO: 1.76
MI: 1.14
MO: 1.55
-10.14%;
-5.96%;
0.42%;
-12.57%; -0.80%;
Sand
MO:I.OI
Ml: 12.48 Ml: 16.81 Ml: 20.79 MI:1.31
A Absent: Class was not observed at this location.
P- Present: Class was present at this location and hadproportional benthic cover less than O. J%.
P. astreoides

1°·06%;
MO: 2.03

A

A

Ip

1-

1-

30

Table 6: Same as table 5, exce~t summarizing the statistical results for 2008 to 2009.
Transect

Class
A. cervicornis
A. pa/mata

70
P

IA

73
0.] 90/0;
Ml: >100

A

]55

A
10.59 %;

M1: >100

]57
0.29%;
MJ: 3.83
P

226
0.88%;
MO: 2.11

IA

A

237
35
0
1 • %;
Ml: ]0.83

A

IA

235

4.08%;
0.18%;
-0.24%;
10.55%;
M]: 35.04 MO: 2.66
MO: 2.22
MO: 2.52
0.21%;
0.13%;
0.17%;
1 0 .06%;
P. astreoides 1 -0.12%;
MO: 2.55
MO: 1.49
MO: 2.20
MI: 3.07
MI: 1.65
0.57%;
10.05 %;
1-0 . 12%;
1 0 .76%;
P. porites
MO: 2.49
M1: 27.93
MO: 2.69
M1: 3.47
-4.00%;
1.190.41;
0.63%;
1]3.28%;
1 1.56°.41;
1 0 . 12%;
12•64 %;
Gorgonians
MO: 2.13
MO: 1.50
M1: >100 MO: 2.22
Ml: >100 MO: 2.04
Ml: 4.99
-0.01%;
0.91%;
\3.11%;
1-0 .01 %;
Zoanthids
P
P
MO: 2.70
MO: 1.56
Ml: >100 Ml: 1.60
0
6.94%;
6.93%;
0.68%;
6.00%;
1 JO.25%;
/2.27 .41;
11•03 %;
Poriferans
Ml: >100 Ml: >100 Ml: >100 MO: 2.72
Ml: >100 MO: 2.72
Ml: >100
7
17
35.88%; 1 2•29 %;
5.44%;
-0.20%;
1 . %;
1 0•82 %;
13 .27 %;
Macroalgae
MO: 1.47
Ml: >100 Ml: >100 MO: 1.57
Ml: 4.84
Ml: >100 M1: >100
-4.70%;
10 .97%;
-25.47%; /-11.90%;
-5.94%;
/-16.14%;
1-MI:
1- 14•15%;
Turf algae
1.48
MO: 2.69
MO: 1.29
Ml: >100 Ml: 2.42
MO: 1.85
Ml: 5.02
0
18
3
190
0.18%;
0.29%;
1.90%;
21
0
0
1- . %;
1 . .41;
1 .75 %;
1- • %;
Porolithon
MO: 1.36
MO: 2.01
MI:3.28
MO: 2.64
Ml: >100
Ml: >100 Ml: 3.27
0.88%;
2.05%;
0.37%;
-16.06%; -1.52%;
8.26%;
2.35°.41;
Sand
M1: 1.61
MO: 1.79
Ml: >100 MO:I.49
MO: 1.92
Ml: 24.65 Ml: 5.34
A Absent: Class was not observed at this location.
P Present: Class was present at this location and had proportional benthic cover less than O.l%.
M. annularis

1- 1.63 %;

MO:2.05

A

A

IA

IA

IA

IA
Ip
Ip
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Determining optimal sampling density
The sensitivity analysis demonstrated that increased point densities and increased
photoquadrat totals resulted in more reliable estimates of proportional cover and more
reliable detection of change. Furthermore, the four cover classes included in the
sensitivity analysis (M annuiaris, P. astreoides, poriferans, and sand) showed differences
in the point densities and photoquadrat totals at which the proportional cover estimates
for the two years (2007 and 2008) were able to be separated (Figures 13 and 14). Both M

annuiaris and P. astreoides required a higher point density (e.g., 50 points
photoquadra( 1) for proportional cover estimates between years to be separated (Figure
13) while poriferans and sand both could be separated with a lower point density (e.g., 5
points photoquadraf 1; Figure 13). Similarly, M annuiaris and P. astreoides required
higher photoquadrat totals (e.g., 50 photoquadrats; Figure 14) for benthic cover estimates
to be visually separated, and proportional cover estimates for poriferans and sand
required lower photoquadrat totals (e.g., 30 photoquadrats; Figure 14).
Model selection results from the sensitivity analysis demonstrated that higher
point densities and higher photoquadrat totals more reliably detected, or did not detect,
change (Figures 15 and 16). Low and medium point densities failed to detect real change
or may detect change when no real change occurred, whereas higher point densities result
in less variance in the evidence ratios resulting in greater confidence when inferring the
occurrence or lack of change (Figures 15). Similarly, low and medium photoquadrat
totals may fail to detect change or detect change when no change occurred where as
higher photoquadrat totals have less variance in the evidence ratios resulting in greater
confidence when inferring the occurrence or lack of change (Figure 16).

In the cases of M annuiaris and P. astreoides, point densities greater than or
equal to 70 points photoquadraf 1 were required to reliably identify whether change did or
did not occur (Figure 15 a and b) while photoquadrat totals greater than or equal to 40
photoquadrats were necessary for a similar result (Figure 16a and b). For M annuiaris
specifically, no change was detected in the full data set (Table 5). During the sensitivity
analysis, point densities less than or equal to 10 points photoquadraf 1 and greater than or
equal to 70 points photoquadraf 1 had no change detected (in this case, either an ER < 1,
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which indicates Model 0 being selected, or I::; ER < J1O, indicating minimal evidence
for change), thereby agreeing with the results of the full data set, in 95% or more of the
re-samples (Figure I Sa). From point densities of 20 to 30 points photoquadrar 1, the
number of resamples resulting in a detection of change, which did not agree with the
result of the full data set, increased from 5% to more than 25%, and then decreased to 5%
as point density reached 70 points photoquadrar l . For photoquadrat totals, the percent of
re-samples resulting in no change being detected increased with the number of
photoquadrats (Figure I5b). At the lowest total (2 photoquadrats), less than 75% of the
re-samples resulted in no change being detected, which was the result from the full data
set. By 40 photoquadrats, this value had reached 95%. For P. astreoides, the percent of
re-samples in which change was detected with substantial evidence or greater (Le.,

ER ;?: .JW ), the result ofthe full data set (Table 5), increased as point density increased.
At point densities less than or equal to 60 points photoquadrar 1, less than 50% of the re
samples resulted in a change being detected (Figure 15b). At 70 points photoquadraf l ,
this percentage increased to more than 50%. More than 75% of re-samples agreed with
the result of the full data set at 90 points photoquadraf I. For photoquadrat totals, the
percent of re-samples in which change was detected increased from less than 5% at 2
photoquadrats to just less than 75% at 50 photoquadrats (Figure I6b). For totals less than
or equal to 30 photoquadrats, more than 50% of re-samples had no change detected, but
for totals greater than or equal to 40 photoquadrats, change was detected in more than
50% of the re-samples.
Conversely, poriferans and sand required point densities greater than or equal to
1

10 points photoquadraf (Figure 15 c and d) and photoquadrat totals greater than or equal
to 20 photoquadrats (Figure 16 c and d) to reliably detect whether change did or did not
occur. In poriferans, a change was detected in the full dataset (Table 5). For this class,
less than 75% of the re-samples for the 5 points photoquadraf 1 point density resulted in
change being detected with substantial evidence or greater ( ER ;?:

.JW ; Figure 15c). At

10 points photoquadraf l , this percentage increased to greater than 95%, and it remained
above 75% as point density increased. At totals less than or equal to 10 photoquadrats,
change was detected in poriferans in less than 50% of the re-samples (Figure 16c).
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However, for totals greater than or equal to 20 photoquadrats, this percentage increased
to more than 50%. At 50 photoquadrats, greater than 75% of the re-samples detected
change with substantial evidence or greater, while less than 5% of the resamples had
Model 0 (Le., ER < 1 ), representing no change occurred, chosen as the best-fit model
(Figure 16c). Sand, which did not have change detected in the full data set (Table 5),
exhibited a similar pattern of reliable results at low point densities and low photoquadrat
totals. For point densities less than or equal to 5 points photoquadraf 1, between 50% and
75% of re-samples did not have change detected with substantial evidence or greater
having either Model 0 selected as the best-fit model (i.e., ER < 1 ) or having minimal
evidence (i.e., I s ER < J10 ) when Model 1 was selected (Figure 15d). However, this
value increased to between 75% and 95% at 10 points photoquadraf 1, and it was
consistent as point densities increased (Figure 15d). For all photoquadrats totals, greater
than 50% of re-samples did not detect change (ER < J10 ; Figure 16d). Less than 75% of
re-samples for totals less than or equal to 10 photoquadrats did not detect change, but
more than 75% of re-samples did not detect change when totals greater than or equal to
20 photoquadrats were used (Figure 16d).
In summary, low point densities (e.g., to points photoquadrar 1) reliably detected
change in poriferans and sand; however, such point densities did not reliably detect
change in the two scleractinians classes. High point densities (e.g., greater than or equal
1

to 70 points photoquadraf ) detected change in all four classes reliably. When using this
methodology to detect change in rare or sparse classes, the researcher should err on the
side of using a higher point densities to ensure accurate estimation of proportional cover
and reliable detection of change.
During the sensitivity analysis, no distance criteria were included when points
were randomly selected, and the lack of these criteria could result in the points being
'clumped' within a quadrat. This meant that points could be close to each other, and the
overall point distribution could result in all of the randomly-selected points occurring
within one region of the quadrat (e.g., within the top left quadrant). Occurance of such
clumping could bias the results as evidence for close points is less than that of distant
poins. Ideally, the spatial autocorrelation term within the models would exactly counter
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this effect. To check this, I plotted the ER values for the lowest point density (i.e., 5
points photoquadrar l ) with no distance criteria and with distance criteria for 1) extent of
the point distribution in the x and y directions and 2) Euclidean distance between points.
In both cases, all points in the photo quadrat had to be separated by greater than 2 cm.
Additionally, at least one pair of points needed to met the minimum distance criterion,
which varied from 2 cm to 30 cm. Figure 17 shows that inclusion of these distance
criteria did not result in a different spread of ER values for M annularis or sponges under
either approach until the sample size was low (e.g., less than 8 re-samples). The same
result was observed for P. astreoides and gorgonians. This confirms that there was no
apparent bias and no distance criteria were required.
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DISCUSSION

Benthic community of San Cristobal reef
Throughout the study, the benthic community at San Cristobal reef was
dominated by macro algae and had low scIeractinian cover, and non-scIeractinian
invertebrates had higher cover than scleractinians. These patterns were likely due to a
combination ofthe sampling sites' locations and disturbances altering the benthic
community prior to the study's beginning. The sampling sites' locations could have
biased observations to low scleractinian cover and high algal cover because the sampling
locations were predominantly located in the back reef zone and the transition between the
back reef and reef slope. The observed communities could have also resulted from the
2005 bleaching event and passing of Hurricane Dean in 2007 meaning that communities
at the reef were healthier and better developed prior to 2005. Ballantine et aL (2005)
described San Cristobal reef as having overall live scleractinian cover of 18% with

Montastraea spp. being the most abundant scIeractinian and abundant Acropora spp.
cover, including abundant A. cervicornis stands in the shallow areas. They further
reported that A. cervicornis stands of La Parguera suffered near 100% mortality
following the 2005 bleaching event and subsequent disease outbreak. Furthermore,
numerous toppled, nearly intact structurally, deadA. palmata colonies were observed in
2007. Their nearly intact nature suggests that these colonies died within a short time prior
to the observations, and their size suggests that significant force would have been
required to topple and overturn them. It is possible that the waves generated by Hurricane
Dean toppled these large A. palmata colonies similar to the effects of Hurricane Edith
(Glynn et al. 1964). Additionally, although Site 235 had the highest scleractinian cover,
the benthic community structure observed at this site was different than one would expect
to find in an undisturbed community. The site contained numerous M annularis colonies
that provide abundant substrate for colonization by scleractinians; however, overall live

M annularis cover was less than 12% in 2007 and live cover of other scleractinians at
this site (e.g., P. astreoides, P. porites) were also low throughout the study. The
differences between the benthic communities described by Ballantine et al. (2005) and
observed by this study suggest that the benthic communities underwent change from
2005 to 2007; however, this study did not quantify changes in the benthic community due
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to the bleaching event, Hurricane Dean, or local-scale, chronic disturbances. Therefore,
the relative contributions of sampling site placement and disturbances prior to and during
the study on the observed benthic community structure cannot be separated.
At sampling Site 73, macroalgae cover dramatically increased between 2008 and
2009 due to a Cyanobacteria bloom. Numerous Cyanobacteria thalli were observed
throughout the site in 2009; however, Cyanobacteria thalli were not observed in the
photoquadrats from the same location in 2007 and 2008. In 2009, Cyanobacteria thalli
were not observed at Site 226, but sites 70, 155, 157,235, and 237 contain at least one
photoquadrat with a "brown fuzz" that could be a Cyanobacteria thallus. However, this
"brown fuzz" does not have the long strands observed in the Cyanobacteria thalli at Site
73 indicating that they could be either a different species or the same species with lesser
development at Site 73. In either case, further study is required to make any conclusions
regarding the causative agents and ecological changes associated with this Cyanobacteria
bloom for this reef site.

Point density and photoquadrat total
Previous studies assessed photoquadrat methodology in comparison to other
sampling methods (e.g., Bohnsack 1979; Preskitt et al. 2004; Brown et al. 2004; Luejak
and Ormond 2007), assessed the effects of point density on accuracy (e.g., Carleton and
Done 1995; Brown et al. 2004), assessed the effects of point density on statistical power
(e.g., Brown et al. 2004; Houk and Van Woesik 2006), and assessed the effects of
increasing the number of frames or photoquadrats (Brown at at. 2004; Houk and Van
Woesik 2006) when sampling coral communities. The 100 points photoquadraf l density
used to sample the benthic communities was greater than those used by Brown et at.
(2004), Houk and Van Woesik (2006), and Carleton and Done (1995), and the
photoquadrat totals of 43 to 63 photoquadrats were similar to the number of
photoquadrats and frames used in those three studies. The point density used to sample
the benthic communities in this study was equivalent to 400 points m-2• In the sensitivity
analysis, the point density ranged from five points photoquadrar l to 90 points
photoquadraf I , which is equivalent to 20 points m-2 to 360 points m- 2 • Carleton and Done
(1995) recommended using 110 points for a 50-m2 sample resulting in a point density of
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2.2 points mol. Houk and Van Woesik (2006) compared the samples taken from 5, 10,
and 15 points frame-) for 20,40, and 60 frames captured from 50 m by 0.5 m (25 m2)
video transects resulting in point densities of20, 40, and 60 points m· l . Brown et al.
(2004) used point densities of 10, 50, and 100 points frame-! with each frame covering
0.5 m2 resulting in point densities of20, 100, and 200 points m· 2.ln the present study, the
total number of photoquadrats per sampling location (100 m2) in a year ranged from 43
photoquadrats to 63 photoquadrats, which is greater than those used by Carlton and Done
(2006) and Brown et al. (2004) and similar to those used by Houk and Van Woesik
(2006). Carleton and Done (1995) used five frames for a 50 m2 transect, while Brown et
al. (2004) used 10,20, and 30 frames. Houk and Van Woesik (2006) used 20, 40, and 60
frames in their analysis.
Higher point densities and higher photo quadrat totals more reliably estimate
benthic cover and more reliably detect change than lower point densities and lower
photoquadrat totals. Additionally, the minimum point density required to detect whether
change did or did not occur reliably varies with proportional cover, magnitude of change
in proportional cover, and spatial autocorrelation distance (Table 7). In the sensitivity
analysis, P. astreoides, which had less than I % proportional cover, a change of less than
I %, and a spatial autocorrelation distance of 10 cm, required a minimum of 80 points
l

photoquadraf for Model I to consistently be selected as the best-fit model with
substantial evidence or greater (i.e., ER> JIO). In comparison, poriferans had greater
initial proportional cover (5%), a greater change in cover (II %), and greater spatial
autocorrelation distance (40 cm), and thus required only five points photoquadrar J for
Model I to be selected as the best-fit model with at least 'substantial' evidence. The
difference in the required minimum point densities for P. astreoides and poriferans was
likely due to the differences in proportional cover and the changes' magnitudes. Greater
spatial autocorrelation distance increased the minimum point density required for
consistent model selection results; a comparison of the results for sand and poriferan
demonstrates this. Sand required a higher point density (five points photoquadrar I) than
poriferans. Both classes had similar values for proportional cover and similar magnitudes
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for change; the primary difference between the two was that sand had a greater spatial
autocorrelation distance (80 cm) than poriferans (40 cm).

Table 7: Summary of the minimum point densities and minimum photoquadrat
totals required to detect whether change did or did not occur reliably in the four
benthic cover classes included in the sensitivity analysis as identified in Figures 14
and 15.
Samples
Proportional cover
Best
ER Pts. Quads.
Model
SACD
Class
2007
2008
Change
MO
2.33
50
20
M annularis
-1.26%
40
9.16%
7.90%

P. astreoides

0.49%

0.83%

0.34%

10

Ml

>100

80

30

Poriferans

4.93%

15.66%

10.73%

40

MI

8.05

2

30

Sand

19.84%

6.46%

-13.38%

80

MI

1.97

5

20

autocovariance i1I.<l'nnl'p
Model ~. Best-fit model
ER Evidence ratio supporting the best-fit model
Pis. Point density (points photoquadrar J)
Quads. ~ Number ojphotoquadrat_s_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __

The results of the present study are similar to those of previous studies; however,
the recommended point densities and photoquadrat totals differed. Brown et al. (2004)
evaluated the power for detecting a 10% change in benthic cover for point densities of 10,
50, and 100 points frame-I for increasing numbers of frames, and they reported a higher
power (Le., a lower occurrence of Type II errors) for higher point densities and increased
numbers of frames. Carleton and Done (1995) reported that digitate corals, the dominant
cover class in their study with greater than 10% proportional cover, required only 40
points for precise estimates. Furthermore, the branching and massive corals, which both
had approximately 5% proportional cover, required 90 and 110 points, respectively, and
the rarest cover class, plating corals with approximately I % proportional cover, required
the greatest number of points (300 points). These values are lower than the values
recommended by the present study. This was likely due to differences in methods for
sampling and statistical analysis. The major difference between this study and previous
studies was that a model-comparison approach incorporating spatial autocorrelation was
used for statistical analysis instead of an ANOVA approach.
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Data in ecological studies inherently contain spatial autocorrelation, which is
problematic for statistical analyses due to the violation of independence between
observations (Legendre and Fortin 1989; Legendre 1993; Dormann et al. 2007; Zuur et
al. 2007, 2009; Kissling and Carl 2008). Previous studies did not directly address the
issue of spatial autocorrelation, instead assuming that points were spatially independent.
Carleton and Done (1995), Houk and Van Woesik (2006), and Luejak and Ormond
(2007) acknowledged the possibility of spatial autocorrelation. Carleton and Done (1995)
used fewer points per frame to avoid autocorrelation. Luejak and Ormond (2007)
remarked that uniformly spaced, non-random points could result in autocorrelation, and
they used randomly placed points instead. Houk and Van Woesik (2006) acknowledged
that increasing the number of points per frame (Le., point density), "will eventually result
in autocorrelation." These three studies assumed that the distance between points within
frames was sufficient to assume independence between observations within frames. They
also implicitly assumed that points in different frames were spatially independent. Based
on these two assumptions, these authors proceeded to use analysis of variance (ANOVA)
to detect change and performed power analyses to determine appropriate sample sizes.
The present study demonstrated that spatial autocorrelation can occur in point densities
from 5 points photoquadraf l (i.e., 20 points m-2) to 100 points photoquadrar l (i.e., 400
points m- 2), which are equivalent to or greater than those used by Houk and Van Woesik
(2006) and Brown et al. (2004), thereby violating the assumption of independence
between observations. Only Carleton and Done (1995) used point densities lower than
those of the sensitivity analysis. The methods developed herein successfully accounted
for spatial autocorrelation, as evidenced by reduced spatial autocorrelation within the
model residuals, and they serve as an example of how to address spatial autocorrelation
within point data.

Implications for Long-Term Monitoring of Coral Reefs
Two coral reef monitoring programs that sample benthic communities using
points overlaid on digital photographs or digital video transects are the Coral Reef
Evaluation and Monitoring Project (CREMP) and the Hawaii Coral Reef Assessment and
Monitoring Program (CRAMP). CREMP collected video transects of the reef benthos for
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sampling sites within the Florida Keys National Marine Sanctuary (FKNMS) and Dry
Tortugas Ecological Reserve from which estimate proportional benthic cover is estimated
(Jaap et al. 2000; Maliao et al. 2008). Up to 1999, the monitoring program selected 60
abutting still-frames from each video transect creating a 40 cm by 20 m belt transect
covering approximately 8 m2• Ten points were overlaid on each of the 60 frames resulting
in 600 points per belt transect and an approximate point density of75 points m- 2•
CRAMP collected digital video along a 1O-m transect and selected 20 frames from each
transect placing 50 points over each frame to monitor sites in Hawaii (CRAMP 2008). In
2003, the program shifted to using images collected with digital cameras providing 20
images, each covering a 50-cm by 69-cm (0.345 m2) area, per 10-m transect, and placing
50 randomly placed points over each image resulting in a point density of approximately
145 points m- 2• In comparison, the sensitivity analysis demonstrated that either 70 points
photoquadrar 1 (280 points m-2) or 10 points photoquadrar 1 (40 points m- 2) and either 40
photoquadrats or 20 photoquadrats were required depending on the proportional benthic
cover of the tested class and the difference between estimates to be detected.
Based on the results of the present study, the point densities and photoquadrat
totals used by CREMP and CRAMP are likely sufficient for reliably estimating
proportional cover for benthic cover classes with high cover and for detecting large
changes. However, the point densities used by both monitoring programs are insufficient
for either accurately estimating proportional cover for classes with low proportional
cover or detecting small changes in proportional cover. Furthermore, the present study
demonstrated that the photoquadrat totals used by both CREMP and CRAMP are
sufficient for detecting large changes. Estimated proportional benthic cover for
scleractinians for some of the monitoring sites established by CREMP and CRAMP was
less than estimated proportional cover for M annularis at site 235 in 2007 and 2008
(11 %). Maliao et at. (2008) described a phase-shift in the benthic communities of the
FKNMS based on CREMP data, and they noted that mean estimated cover for all
scleractinians combined and M. annularis were less than 10% and 2%, respectively, from
1996 to 2000. In Maui, mean proportional cover for scleractinians decreased at five sites,
increased at one site, and was consistent for three sites from 1995 to 2005. Of these nine
sites, four had less than 15% proportional benthic cover for scleractinians in 2005. Due to
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these low proportional benthic cover estimates for scleractinians, it is recommended that
both CREMP and CRAMP increase the point densities used in their monitoring
programs.
Point densities similar to those used by CREMP and CRAMP were found to
contain predictable patterns of spatial autocorrelation between the points, which violates
the assumption of independence between points meaning that the statistical analyses for
detecting change may lead to spurious inferences regarding change over time for benthic
cover classes if the analyst doe not account for spatial autocorrelation between points. It
is recommended that CREMP and CRAMP address spatial autocorrelation within their
data sets to reduce the occurrence of spurious inferences. The approach of incorporating a
spatial autocorrelation term into a model-comparison approach developed in this study
provides a statistical method for detecting change that accounts for spatial autocorrelation
and will provide more reliable results.
Declines in the health of coral reef ecosystems around the world due to the
synergistic effects of natural and anthropogenic disturbances will result in the loss of
goods and services humans derive from these ecosystems. A common practice in
monitoring reef health is the collection of digital images and video and estimation on
proportional benthic cover of benthic community members, with particular focus on live
scleractinian cover, using points randomly placed over images or video. While this
method is effective for estimating proportional benthic cover and detecting change over
time, this study demonstrated that the methodology needs to be improved to increase
reliability of benthic cover estimates and reliability of change detection. Recommended
improvements include increasing point densities, increasing photoquadrat totals, and
accounting for spatial autocorrelation between observations. Implementing these
improvements will provide better characterization of benthic community structure and
fewer false inferences of change in benthic cover improving the advice researchers using
this methodology provide to decision-makers regarding policy actions.
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CONSERVATION AND REMOTE SENSING OF CORALS REEFS

Context for this study
In 2005, anomalously high sea surface temperatures were observed in the western
Atlantic Ocean and northeastern Caribbean Sea persisting for 4 to 6 months (Donner et
at. 2008; Wilkinson and Souter 2008). The prolonged exposure to elevated sea surface
temperatures resulted in large-scale bleaching of scleractinians in reefs throughout the
Caribbean (Miller et al. 2006; Donner et al. 2007; Whelan et al. 2007; Oxenford et al.
2008; Muller et al. 2008; Rowlands et al. 2008; Steiner and Kerr 2008; Wilkinson and
Souter 2008). In Puerto Rico, 52 scleractinian species bleached, and disease outbreaks
followed the bleaching event (Ballantine et at. 2008). Due to the massive scale of the
bleaching event, the US Coral Reef Task Force mobilized researchers from the National
Oceanographic and Atmospheric Administration (NOAA), the National Park Service
(NPS), and the National Aeronautics and Space Administration (NASA) to collect data
on the extent and impact of the bleaching event on Caribbean reefs within U.S.
jurisdictions (Guild et al. 2006, 2009). The NASA researchers collected hyperspectral
imagery to map study locations in La Parguera, Puerto Rico, and St. John and St. Croix,
U.S. Virgin Islands (Guild et al. 2006,2009). In 2006, Dr. Liane Guild of NASA Ames
Research Center and collaborators from the University of Puerto Rico Mayaguez
received funding from NASA to process the 2005 Advanced Visible/Infrared Imaging
Spectrometer (A VIRlS) imagery using a linear spectral unmixing model (Guild et al.
2006).
Dr. Guild and her collaborators aimed to measure change in the patch reefs in La
Parguera, Puerto Rico, using a combination of airborne-hyperspectral imagery and field
based data (Guild et al. 2006, 2009). The airborne-hyperspectral data were collected
using AVIRlS, an airborne sensor developed by NASA's Jet Propulsion Laboratory that
first went into service in 1987 (Vane et al. 1993; NASA JPL 2009). The sensor has 224
contiguous spectral bands from 400 to 2500 nm with a spectral resolution (Le., width of
each spectral band or channel) of ~ 10 nm (Vane et al. 1993; Richards and Jia 2006). This
resolution gives the sensor -31 contiguous bands in the visible spectrum (400 nm to
700nm) (Richards and Jia 2006), where coral reef benthic have peaks in their spectral
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signatures (Lubin et al. 2001; Hochberg et al. 2004; Guild et al. 2009; Lobitz et al. 2009).
The spatial resolution (Le., pixel size) of AVIRIS data depends on the altitude of the
aircraft on which it is mounted (Vane et al. 1993; NASA JPL 2009). For instance, the
sensor has been flown on-board the ER-2 jet and Twin Otter turboprop providing spatial
resolutions of -17 m and -4 m, respectively (NASA JPL 2009). During the 2005 flight in
Puerto Rico, A VIruS was mounted on NOAA's Twin Otter aircraft resulting in a spatial
resolution of -4m for the hyperspectral imagery (Guild et a1. 2009).
As part of the NASA funded project, the researchers collected ground truth data to
validate the interpretation of the hyperspectral imagery and to track change in the benthic
community at San Cristobal and Media Luna patch reefs in La Parguera, Puerto Rico
(Guild et al. 2006). The ground truth data consisted of end-member spectra for dominant
benthic cover classes (e.g., scleractinians, algae, sand) collected using the GER 1500
spectrometer (Spectra Vista Corporation 2010) to train the spectral unmixing model.
Photoquadrats (i.e., underwater pictures of quadrats) were collected to provide benthic
cover estimates of coral, macroalgae, and sand at the study sites in from 2007 to 2009 and
to provide independent verification of the spectral unmixing model results.
The present study grew out of the NASA-funded work. Changes in proportional
benthic cover estimates for invertebrates, algae, and sand derived from the photoquadrats
needed to be assessed accurately and in a manner that could provide information for the
classification ofthe hyperspectral imagery. To meet this need, the approach described in
the 'Journal Article' was developed and evaluated. The following sections provide
background on the current state of both coral reef ecosystems and coral reef conservation.
The background is not extensive, as such, an effort was beyond the scope of this project.
Despite this, a reader unfamiliar with the topics of coral reef ecology and coral reef
conservation should gain a better understanding of the plight of these marine ecosystems
and the steps being taken to conserve them for current and future generations.

The need for coral reef conservation
Coral reef ecosystems provide natural, economic, social, and cultural benefits
(Jackson 1997; Moberg and Folke 1999; Hughes et al. 2003); however, natural and
anthropogenic disturbances synergistically degrade coral reef ecosystems and threaten
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their continued existence (Hughes 1994; Gardner et al. 2003; Pandolfi et al. 2003). Coral
reefs are rigid wave-resistant frameworks occurring in tropical regions between 30' N
and 30' S (Veron 2000) formed through biological accretion of aragonite (Wood 1999), a
form of calcium carbonate (CaC03), and deposition and solidification of sediments
(Schlager 2005). Costanza (1997) estimated that coral reefs ecosystems provided $375
billion in ecosystem goods and services on a global scale; however, Wilkinson (2008)
estimated 19% of reefs are lost (Le., not functional), 15% are seriously threatened with
loss in the next 10 to 20 years, and 20% are under threat of loss in the next 20 to 40 years.
Given recent declines in coral reef ecosystems and predicted decreases in the near future
due to changing climate, it is no surprise that Hughes et at. (2003) claim, "There are no
pristine reefs left."
Natural and anthropogenic disturbances have synergistically degraded coral reefs
and compromised coral reef ecosystem resilience. Natural disturbances include
hurricanes (Bythell at al 1993; Hughes 1994; Bries et al. 2004; Gardner at al 2005), crow
of-thorns seastar outbreaks (Faure 1989), disease outbreaks (Lessios et al. 1984; Hughes
1994; Muller et at. 2008; Raymundo et at. 2008), bleaching events (Lasker et at. 1984;
Lesser et at. 1990), invasive species (Fenner and Banks 2004), and changing ocean
chemistry (Kleypas et at. 1999; Kleypas and Langdon 2006; Hoegh-Guldberg et at.
2007). Anthropogenic disturbances include destructive fishing practices (Jackson 1997;
Fox and Caldwell 2006), coral mining (Dulvy et at. 1995; Rajasuriya et at. 1995; Semesi
et at. 1998), over-fishing (Hughes 1994; Sebens 1994; Jackson et al. 2001), trampling
during recreational activities (Hawkins and Roberts 1993), and nutrient enrichment
(Szmant 2002). These natural and anthropogenic disturbances have been implicated in
past declines in coral reef health (Hughes 1994; Gardner et at. 2003) and are predicted to
contribute to future declines as well (Hughes et at. 2003; Donner et at. 2005). Further,
scientists predict global climate change will further degrade coral reef ecosystem health
and undermine resilience (Hughes et al. 2003; Hoegh-Guldberg et aL 2007).
Scientists predict increases in atmospheric carbon dioxide (C02) and other green
house gases due to human activities will alter global climate and oceanographic patterns
(Karl and Trenberth 2003). The changes associated with these global changes potentially
threaten to alter ecological processes, particularly disturbance regimes, within coral reef
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ecosystems by increasing ocean acidity (i.e., ocean acidification) (Kleypas et al. 1999;
Kleypas and Langdon 2006; Hoegh-Guldberg et al. 2007) and increasing sea surface
temperatures (Hughes et aL 2003; Simpson et at 2009) leading to increased intensity and
frequency of bleaching events (Donner et aJ. 2005; McWilliams et at 2005; Done and
Jones 2006), disease outbreaks (Bruno et al. 2007; Muller et al. 2008), and hurricanes
(Hughes et al. 2003). Beyond the individual effects associated with ocean acidification,
hurricanes, and elevated sea surface, these disturbances can act synergistically thereby
increasing their effects (Sebens 1994). Of particular concern regarding the future of coral
reef ecosystems under altered global conditions is the increase in episodes of elevated
water temperatures persisting for extended periods.
Bleaching is a stress response exhibited by sc1eractinians, gorgonians,
hydrocorals, zoanthids, and sponges in which the host expels its endosymbiotic algae,
called zooxanthellae (Symbiodinium spp.), or the zooxanthellae lose their ability to
photosynthesize (Lasker et al. 1984; Vicente 1990; Fitt et at. 2001). This stress response
occurs in response to thermal stress (Causey et at. 1988; Cook et al. 1989; Gates 1990),
changes in salinity (Goreau 1964), increased ultraviolet light exposure (Lesser et al.
1990; Brown et al. 2002; Lesser and Farrell 2004), and oxidative stress (Lesser et al.
1990; Lesser 1997; Finelli et at. 2006). It has been documented in nearly all major coral
reef regions (Cook et al. 1990; Hayes and Bush 1990; Glynn 1993; Winter et al. 1998;
Smith 200 I; Barton and Casey 2005; Golbuu et al. 2007). The loss or reduction of
photosynthesis by zooxanathellae reduces the amount of energy the algae provide to their
hosts, and this loss of energy can have lasting impacts on the health of the host. However,
the scale and impact of bleaching differs among sc1eractinians and reef depending on
location, zooxanthellate clade, and previous exposure to thermal stress (Gates 1990;
Gleason 1993; Berkelmans and Oliver 1999; Marshall and Baird 2000; Stimson et al.
2002; Brown et al. 2002; Riegl 2003; D'Croz and Mate 2004; Golbuu et al. 2007)
suggesting that some regions or reef may be more resilient to environmental stressors that
lead to bleaching. Bleaching in scIeractinians reduces aragonite deposition rates (Goreau
and Macfarlane 1990; Leder et al. 1991; Suzuki et al. 2003), increases susceptibility to
diseases (Muller et at 2008), impairs reproduction (Szmant and Gassman 1990), and
causes mortality (Whelan at al 2007). In mild cases, these effects do not have lasting
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impacts on the benthic community composition because the affected organisms can
recover; however, extreme cases can lead to complete shifts in benthic community.
Since the 1970s, the number of recognized coral diseases dramatically increased
(Goreau et al. 1998; Richardson 1998; Humann and DeLoach 2002), and the reported
number of epizootics resulting in significant scleractinian loss increased (Goreau et al.
1998; Raymundo et al. 2008). Two environmental drivers thought to increase disease
prevalence, incidence, and progression are increased water temperature (Bruno et al.
2007; Muller et al. 2008) and decreased water quality due to increased nutrient and
terrigenous sediments (Bruno et al. 2003; Voss and Richardson 2006). Increased
temperatures may enhance diseases effects by either weakening host's immune systems
or enhancing the causative agent's virulence (Raymundo et al. 2008). For example,
outbreaks of coral diseases occurred following the 2005 Caribbean-wide bleaching event
(Bruno et al. 2007; Muller et aL 2008) leading to extensive mortality in at least one
location (Miller et aL 2006). Decreased water quality may reduce host disease resistance,
increase disease virulence, and introduce pathogens into the benthic community (Bruno et
al. 2003; Voss and Richardson 2006; Raymundo et aL 2008). Despite the evidence
supporting the links between these environmental factors and coral diseases, significant
gaps in understanding the causes and consequences of coral diseases exist and require
further investigation in order to develop appropriate conservation measures (Raymundo
et aL 2008).
Hurricanes, as a disturbance, occurred throughout the development of
contemporary reefs affecting the physical structure and biodiversity within coral reef
ecosystems (Connell 1978; Rogers 1993; Gardner et al. 2005). They are natural
phenomena formed through the interactions of sea surface temperatures, wind shear,
moisture availability, and atmospheric stability, and there is evidence that increased sea
surface temperature increases hurricane intensity (Santer et al. 2006). These storm events
mechanically alter coral reefs by fragmenting and toppling colonies through intense
wave-action and suspending and transporting sediments resulting in reduced fecundity in
fragmented and smothered colonies (Woodley et at. 1981; Harmelin-Vivien and Laboute
1986; Rogers 1993). The extent of damage following a hurricane depends on benthic
community diversity, depth, ecological history, characteristics of dominant species, and
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coincidence of other disturbances (Rogers 1993; Knowlton and Jackson 2001; Bries et al.
2004). Change in live scleractinian cover following hurricanes can vary from significant
change (Woodley et al. 1981; Harmelin-Vivien and Laboute 1986; Sommerfield et al
2008) to little (Edmunds 2002; Bries et al. 2004). Additionally, recovery from hurricanes
events can vary from a few years to decades, even within reef tracts (e.g., Sommerfield et
al 2008), depending on the severity of damage and the dominant scleractinian (Rogers
1993; Edmunds 2002); locations dominated by branching morphologies recover faster
than locations dominated by massive morphologies (Rogers 1993; Knowlton and Jackson
2001). In at least one case, hurricanes and other disturbances facilitated a phase shift to
an alternative state; Jamaican reefs collapsed and shifted to a macroalgae dominated state
due to the combined effects of two hurricanes, the Diadema antillarum die-off in the
early I 980s, and over-fishing (Hughes 1994; Gardner et al. 2005). Some researchers
predict that increasing sea surface temperatures will lead to increased frequency and
intensity of hurricanes; however, considerable uncertainty regarding this prediction exists
(Santer et al. 2006). Even if intensity and frequency of hurricanes does not increase in the
near future, they can facilitate phase shifts when coupled with other natural and
anthropogenic disturbances (Hughes 1994; Gardner et al. 2005) and induce ecologically
significant changes in reefs within MPA boundaries (Edmunds 2002).
Significant loss of scleractinian cover may induce a phase shift in the benthic
community structure, such as coral dominated to algal dominated, resulting in an altered
ecosystem (Hughes 1994; Done 1999). Benthic community members (e.g., scleractinians,
gorgonians, poriferans, macroalgae) directly and indirectly compete for the limited
resources (e.g., space, light, prey, and nutrients) within the coral reef ecosystem (Jackson
1977; Knowlton and Jackson 2001) and are subject to predation and disturbance. The net
result of these ecological processes is a mosaic of organisms covering the hard
substratum. An important process affecting the composition of this mosaic is herbivory
(Knowlton and Jackson 2001). Grazing pressure by sea urchins and herbivorous fish
contributes to the maintenance of scleractinian dominance by cropping macroalgae (Hay
] 997; Paddock et al. 2006). However, fishing pressure (Hughes 1994; Mumby 2006) and
disease outbreaks among herbivores, such as the Caribbean-wide epizootic in the
echinoderm Diadema antillarum in 1982-1983 (Lessios et al. 1984), reduce herbivore
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populations leading to reduced grazing pressure (Hughes 1994; Mumby 2006). Further,
increased nutrient levels promote macroalgae growth (Littler et al. 1991) and disease
progression (Voss and Richardson 2006). The combined loss of herbivores, elevated
nutrients, and increased scleractinian morality can induce a phase shift from a mixed
scleractinianlmacroalgae state to a macroalgal-dominated state leading to a change in
ecosystem function and a loss of associated goods and services (Hughes 1994; Done

1999).
Coral reef ecosystems provide many goods and services upon which humans have
relied in the past, in the present, and into the future (Jackson 1997; Moberg and Folke

1999). Goods produced by coral reefs include seafood (Coblentz 1997; Jeffery and
Jennings 1999; Warren-Rhodes et al. 2003), pharmaceuticals (Carte 1996; Hunt and
Vincent 2006), aquaria ornamentals (Calado et a1. 2003), building materials, and lime
(Dulvy et al. 1995; Rajasuriya et a1. 1995, Semesi et al. 1998). Moberg and F olke (1999)
broadly categorized ecological services provided by coral reef ecosystems as physical
services, biotic services, information services, and social services. Physical services
include protecting shorelines by dissipating wave-energy thus reducing mechanical
erosion of the shoreline (Mimura and Nunn 1998), contributing to atoll and carbonate
island formation (Darwin 1962), and producing sediments (e.g., sand) found on beaches
through mechanical erosion and bioerosion (Schlager 2005). Biotic services include
supporting high biodiversity (Connell 1978; Jackson 1991; Gray 1997), fixing nitrogen
(Wiebe et al. 1975; Capone and Carpenter, 1982), and acting as both C02 source and sink
(Goreau 1990; Kayanne et a1. 1995; Gattuso et al. 1996). Reef strata and scleractinian
skeletal bands provide records of the environmental conditions during which they were
deposited (Dodge and Gilbert 1984; Barnes and Lough 1996; Gagan et at. 1998), thus
providing an information service to researchers (Moberg and Folke 1999). Humans
directly rely on coral reef ecosystems for recreational opportunities (Hawkins and
Roberts 1993), sustaining economic livelihood of coastal communities (Cesar et al.

1997), and supporting dietary needs (Johnstone et al. 1998). The continued decline of
coral reef ecosystems will alter the availability of the goods produced and services
rendered by these tropical ecosystems resulting in altered economic and ecological
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processes (Wilkinson et al. 1996). Thus, it is necessary to reduce both natural and
anthropogenic impacts when possible to further conservation of coral reef ecosystems.

Policy regarding coral reef conservation in the United States
Coral reef ecosystems within the U.S. Exclusive Economic Zone in the Pacific
Ocean, tropical Atlantic Ocean, and the Caribbean Sea are estimated to cover
approximately 179,872 km 2 (Rohmann et al. 2005). With past declines in ecosystem
health and predicted increases in threats to and degradation within coral reef ecosystems
in the near future, governments, non-government organizations (NGOs), and the research
community have recognized the increasing need for coral reef conservation. Within the
U.S. Federal government, the Executive and Legislative branches have issued policy
documents with the purpose of promoting coral reef conservation (e.g., Clinton 1998;
Bush 2006, 2007). NGOs have petitioned the government to increase conservation
actions (CBD 2009), and the research community has called for increased conservation
actions (Bellwood et al. 2004). Together, these groups' actions have shaped the current
state of policy for the conservation of coral reefs within U.S. jurisdictions.
In 1998, President Clinton issued Executive Order 13089 (EO 13089) to protect
coral reef ecosystems within U.S. jurisdictions in an effort to further several
congressional acts (Table I, Clinton 1998). Under the Executive Order, federal agencies
must I) identifY their actions that affect coral reef ecosystems, 2) protect and enhance
coral reef ecosystems, and 3) ensure their future actions do not degrade coral reef
ecosystems (Clinton 1998). EO 13089 also created the United States Coral Reef Task
Force (CRTF), which currently consists of 22 members, including 12 federal agencies, 7
U.S. states, territories, and commonwealths, and 3 freely associated states (CRTF 2009;
Table 2). The responsibilities of the Task Force include a) mapping and monitoring, b)
research, c) conservation, mitigation, and restoration, and d) international cooperation
(Clinton 1998; CRTF 200 I).
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Table 8: Congressional Acts referenced by Executive Order 13089 (Clinton 1998) and the stated
purpose of the acts.
Act (Year enacted)
Clean Water Act
(1977)

Purpose (paraphrased from tlt::ce~A::coc~t),:-:-:-:-----:-----:---:--_--:-----:c-:---::-:--:----:_ _ _ __
1. Maintain the chemical, physical, and biological integrity of the Nation's waters;
2. When possible, provide for the protection and propagation of fish, shelIfish, and
wildlife;
3. Prohibit discharge of pollutants in toxic amounts;
4. Provide financial assistance to construct publicly owned waste-treatment works;
5. Develop and implement management plans assuring adequate control ofpoJlutant
sources;
6. Research and demonstrate technology to eliminate pollutant discharge;
7. Develop and implement programs to control non-point sources of pollution

Coastal Zone
Management Act
(1972)

I. Preserve, protect, develop, and enhance coastal zone resources;
2. Encourage and assist states in managing their coastal resources;
3. Encourage the use of special management areas;
4. Encourage participation of governmental partners and the public;
5. Encourage coordination between regulatory agencies

Magnuson-Stevens
Fishery Conservation
and Management Act
(1976; amended
1996,2006)

1. Take action to conserve and manage fisheries off the coasts of the United States;
2. Support implementation and enforcement of international fishery agreements for
the conservation and management of migratory species;
3. Promote commercial and recreational fisheries;
4. Provide for the preparation and implementation of management to achieve and to
maintain optimal yield;
5. Establish Regional Fishery Management Councils;
6. Encourage the development of currently under utilized fisheries;
7. Promote the protect of essential fish habitat

National
Environmental
Policy Act (1969)

I. Declare national policy to promote harmony between man and his environment;
2. Promote efforts to prevent or eliminate damage to the environment and biosphere;
3. Enrich understanding of ecological systems and natural resources;
4. Establish the Council on Environmental Quality

National Marine
Sanctuaries Act
(1972)

I. IdentifY and designate national marine sanctuary areas;
2. Provide authority for conservation and management of the sanctuaries;
3. Maintain biological communities with the sanctuaries;
4. Enhance public awareness of the resources managed by the National Marine
Sanctuary System;
5. Support, promote, and coordinate research and long-term monitoring ofthese
marine areas;
6. Facilitate non-prohibited public and private uses of these areas;
7. Develop and coordinate protection and management plans;
8. Create models of ways to conserve and manage resources;
9. Cooperate with global programs encouraging marine resource conservation

National Park
Service Organic Act
(1916)

I. Established the National Parks Service to promote and regulate use of national
parks, monuments, and reservations with the purpose of conserving the natural
resources within these areas and provide the enjoyment of these resources for future
generations

National Wildlife
Refuge System
Administration Act
(1966)

I. Provide for the conservation, protection and management of native wildlife
species threatened with extinction;
2. Consolidate authorities relevant to the management of the National Wildlife
Refuge System;
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Table 9: Members of the U.S. Coral Reef Task Force and their role in the organization as identified
in the U.S. Coral Reef Task Force Federal Member Coral Profiles (CRTF 2009b). Co-Chairs,
Federal Agency Members, and State and Territory members are voting members. Freely Associated
States members are non-voting members.
Member

Role

Department of Commerce

Co-Chair, Federal Agency Member

Department of Interior
•
National Oceanic and Atmospheric Administration
• Fish and Wildlife Service
•
Minerals Management Service
•
The National Parks Service
• Office of Insular Affairs
•
U.S. Geologic Service

Co-Chair, Federal Agency Member

U.S. Agency for International Development

Federal Agency Member

U.S. Department of Agriculture

Federal Agency Member

Department of Defense

Federal Agency Member

U.S. Department of Homeland Security, Coast Guard

Federal Agency Member

Department of Justice

Federal Agency Member

Department of State

Federal Agency Member

Department of Transportation

Federal Agency Member

Environmental Protection Agency

Federal Agency Member

National Aeronautic and Space Administration

Federal Agency Member

National Science Foundation

Federal Agency Member

Commonwealth of Northern Mariana Islands

State and Territory Member

Commonwealth of Puerto Rico

State and Territory Member

State of Florida

State and Territory Member

State of Hawaii

State and Territory Member

Territory of Guam

State and Territory Member

Territory of American Samoa

State and Territory Member

Territory of the U.S. Virgin Islands

State and Territory Member

Federated States of Micronesia

Freely Associated State

Republic of Marshall Islands

Freely Associated State

Republic of Palau

Freely Associated State

In 2000, the CRTF adopted the "National Action Plan to Conserve Coral Reefs"
("Action Plan") as a comprehensive roadmap to long-term conservation of coral reefs
within U.S. jurisdictions (CRTF 2000). In 2002, the CRTF created a complementary
document entitled, "A National Coral Reef Action Strategy" ("Action Strategy")
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outlining 13 strategies for short-term conservation of coral reef ecosystems (CRTF
2009a). The Action Plan identified pollution, overfishing, overuse, destructive fishing
practices, dredging, shoreline modification, vessel groundings and anchoring, disease
outbreaks, and global climate change as major threats to coral reef ecosystems (CRTF
2000). The document also identified and described core principles necessary to
conserving coral reef ecosystems (Table 3). Beyond these principals, the Action Plan
separated necessary conservation actions into the themes of "Understanding Coral Reef
Ecosystems" and "Reduce the Adverse Impacts of Human Activities," (CRTF 2000). In
order to understand coral reef ecosystems, the Action Plan identified three necessary
actions: I) comprehensive mapping, assessment, and monitoring, 2) strategic research on
regional threats and underlying ecological processes, and 3) incorporating the human
dimension into conservation and management (CRTF 2000). Further, the Action Plan
identified a) creating a network of Marine Protected Areas (MPAs), b) reducing adverse
effects of extractive uses, c) reducing habitat destruction, pollution, and international
trade, d) restoring damaged reefs, e) strengthening international activities, f) improving
governmental accountability, and g) informing and engaging the public as essential
actions to reducing human impacts on coral reef ecosystems (CRTF 2000). The
combination of core principals and actions detailed within the Action Plan provided a
comprehensive strategy and guiding document for conserving coral reef ecosystems
within U.S. jurisdictions.

Table 10: Core principals identified by the Action Plan.
Principle

•
•

•

•
•

•
•
•

Adopt a science-based ecosystem approach to conservation
Employ adaptive management to track and respond to change and emerging
threats
Take appropriate, precautionary measures
Incorporate the human dimensions into conservation actions
Apply marine zoning, such as marine protected areas and no-take reserves, to
minimize harmful human actions
Use existing management authorities and programs and develop new legal
mechanisms for conservation
Develop and supporting domestic partnerships to meet cross-jurisdictional
challenges
Provide leadership to reduce global threats
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In June 2000, the CRTF presented the Action Plan to the U.S. Congress, and, in
December of the same year, the U.S. Congress enacted the Coral Reef Conservation Act
of 2000 (CRCA 2000), which provided congressional funding for coral reef conservation
efforts through Coral Reef Conservation Program (CRCP) within the National Oceanic
and Atmospheric Administration (NOAA). The stated purpose of the CRCA was to
preserve coral reef ecosystems, to promote wise management and sustainable use, to
develop scientific information on the condition and threats to coral reefs, to support
conservation programs to assist in preservation, to support those conservation programs
financially, and to establish mechanisms for collecting and allocating donations from the
private sector (CRCA 2000). To achieve these goals, the CRCA required an
implementation plan which addressed coastal uses and management; water and air
quality; mapping and information management; research, monitoring, and assessment;
international and regional issues; outreach and education; local strategies; and
conservation including MPAs (CRCA 2000). As required by the CRCA (2000), the
CRTF developed and adopted the Action Strategy (CRTF 2009a). Together, the CRCA
(2000), Action Plan, and Action Strategy are complementary documents providing
financial and policy support necessary to conserve coral reef ecosystems within U.S.
jurisdictions, yet they are not the only policy avenues available for coral reef
conservation.
In 2006, NOAA's National Marine Fisheries Service (NMFS) listed two
scleractinian species, Staghom coral and Elkhorn coral (Acropora cervicornis and
Acropora palmata, respectively), as threatened under the Endangered Species Act of
1973 (ESA 1973), and designated critical habitat for the two species, which includes
areas in Florida, Puerto Rico, and the U.S. Virgin Islands (NOAA 2006, 2008). The ESA
provides a policy framework for implementing conservation actions to maintain and to
restore imperiled species' populations (ESA 1973). The two scleractinians were the
second and third marine invertebrates listed under the ESA with White abalone (Haliotis
sorenseni) being the first marine invertebrate to be listed (NOAA 2001). In February
2010, the NMFS initiated an ESA Status Review listing 82 sc1eractinians (7 Caribbean
species and 75 Pacific species) as candidate species (NOAA 2010) following a petition
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by the Center for Biological Diversity (CBD 2009). The Caribbean species include

Agaricia lamarcki, Dendrogyra cylindrus, Dichocoenia stokesii, Montastraea annularis,
M Javeolata, M franskii, and Mycetophyl/ia ftrox (NOAA 20 I 0); all seven species
inhabit the patch reefs of La Parguera, Puerto Rico (Ballantine et al. 2008). While the
ESA provides a policy avenue for protecting individual species and their critical habitat,
the National Marine Sanctuaries Act (NMSA 1972) provides a policy avenue to protect
and to conserve coral ecosystems and their resources.
NOAA's Office of National Marine Sanctuaries (ONMS) manages coral reef
ecosystems within three sanctuaries and one national monument. The NMSA (1972)
established the ONMS to administer the marine sanctuaries network and meet the goals
of the NMSA (1972). Four areas managed by the ONMS contain coral reefs; three are
National Marine Sanctuaries and one is a Marine National Monument. President George
W. Bush established the Northwestern Hawaiian Islands Marine National Monument by
Presidential Proclamation 8031 (Bush 2006). The Monument's name was later amended
to the Papahanaumokuakea Marine National Monument (Bush 2009). Located in the
Pacific Ocean, the Monument protects approximately 140,000 mi 2• Also located in the
Hawaiian Archipelago, the Hawaiian Islands Humpback Whale National Marine
Sanctuary covers approximately 1400 mi 2 and was established to protect the calving
grounds of Humpback whales (Megaptera novaeangliae) (HlHWNMS 2002); coral reefs
incidentally occur within its boundaries (Aki et al 1994; HIHWNMS 2002). The Fagatele
Bay National Marine Sanctuary in American Samoa is the smallest region administered
by the ONMS encompassing approximately 0.25 m 2• The Florida Keys National Marine
Sanctuary encompasses areas in the western Atlantic Ocean and the eastern Gulf of
Mexico covering approximately 2800 mi 2 •
The need for increased conservation efforts in coral reef ecosystems was
recognized at the 11th International Coral Reef Symposium (ICRS) in 2008. The 11th
ICRS resulted in a Call-to-Action (ICRS Local Organizing Committee 2008), which
identified three primary steps needed to protect coral reef ecosystems: I) improve
existing and increase planned local action to develop stewardship of coral reef resources,
2) implement marine protected areas (MPAs), and 3) develop and implement restoration
techniques (ICRS Local Organizing Committee 2008). Further, the Call-to-Action
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identifies the need to incorporate stakeholder communities, engage government at
multiple levels (e.g., local, state, and federal), establish legislative and regulatory
authorities, and conduct needed science as essential to protecting coral reefs (ICRS Local
Organizing Committee 2008).
Marine protected areas (MPAs) are becoming more common as tools for the
protection and management of marine ecosystems because they can be designed to meet
many different goals (NRC 2001; Palumbi 2001). The National Research Council (2001)
defined MPAs as, "areas designated for special protection to enhance the management of
marine resources" (NRC 2001). Palumbi (2001) described three broad categories for
MPA designation: fisheries focused, ecosystem diversity focused, and special-area
focused. Fisheries focused MPAs are designed to enhance the fisheries yields over larger
areas by restricting or regulating extractive use within a designated area, and biodiversity
reserves are designed to preserve biodiversity by reducing and regulating activities within
an area (Palumbi 2001). Special-area focused MPAs are designated to protect geographic
features with cultural or biological significance (Palumbi 2001). Palumbi (2001)
identified another important characteristic of MP As as the spatial extent of their effects:
local or regional (Palumbi 2001). A local effect means that the MPA benefits the
enclosed area, and a regional effect means that the MPA benefits the area outside its
boundaries (Palumbi 200 I).
As a conservation tool, MP As show promise as components of integrated
management schemes (NRC 2001; Palumbi 2001); however, controversy often surrounds
MPA implementation (NRC 2001; Palumbi 2001). The controversy often stems from
political resistance to closing areas which have been traditionally open to use for all users
(NRC 2001) and scientific uncertainty regarding optimal MPA design and placement,
ecological processes (e.g., larval dispersal, site fidelity) affecting and affected by MPAs,
and the evaluation of the economic costs and benefits associated with MPAs (NRC 2001;
Palumbi 2001). Further, evaluating MPA efficacy is difficult and requires two levels of
analysis: I) a local comparison identirying if MPAs meet their individual goals and 2) a
broader comparison identiry ifMPAs have local or regional effects, in general (Palumbi
2001). Each MPA is a unique area due to its topographic, ecological, and social
conditions resulting in unreplicated sampling locations, and ecological studies in the field
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do not have the controls of ecological studies in the lab meaning that caution must be
taken when interpreting the results of field studies. Despite the controversy and scientific
uncertainty, MP As are often promoted as important tools for coral reef conservation
(NRC 2001; Palumbi 2001; CRTF 2000; CRCA 2002; ICRS Local Organizing
Committee 2008), and recent research suggests that MP As benefit coral reef ecosystems.
Selig and Bruno (2010) compared long-term changes in coral cover (1969-2006)
using a global database containing 5170 independent surveys on 310 reefs within MPAs
and 3364 surveys on unprotected reefs. They reported no change in coral cover within
reefs protected by MPAs and declines in coral cover on unprotected reefs (Selig and
Bruno 2010). Selig and Bruno (20 I 0) also found that effectiveness in preventing coral
cover depended on length of protection for the MPA with coral cover on Caribbean reefs
declining for 14 years, with less decline each year, following MPA implementation
before beginning to increase (Selig and Bruno 20 I 0). In the Indo-Pacific, coral cover
continued to decline for 4 years following MP A implementation before beginning to
increase (Selig and Bruno 20 I 0).

Remote Sensing of Coral Reefs
Remote observation has been identified as an important tool in the conservation of
coral reef ecosystems by both policy makers and researchers. Mapping of coral reef
ecosystems was explicitly identified as an important conservation action in Executive
Order 130789 (Clinton 1998), the National Action Plan for Coral Reef Conservation
(CRTF 2000), and the Coral Reef Conservation Act (CRCA 2000). The Call-to-Action by
the International Coral Reef Symposium's Local Organizing Committee emphasized the
use of mapping to improve visualization of changes within the coral reef ecosystems and
provide improved products for decisions regarding coral reef resources (ICRS Local
Organizing Committee 2008). On a broader scale, the Interagency Ocean Policy Task
Force (lOPTF) identified remote observation of marine systems using unmanned vehicles
and satellite platforms as a necessary tool "in meeting the Nation's stewardship
responsibilities" (IOPTF 2010).
Using remotely sensed data to inform research and policy is not new to the marine
sciences. Acoustics (e.g., sonar and telemetry) have been used to map bathymetry
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(Mobley et al. 2005; Purkis 2005), identify fish species and size distributions
(McClatchie et al. 2000), track fish movement (Starr et al. 2004), and estimate fish site
fidelity (Lindholm et at. 2007). Satellite and sub-orbital platforms with spectral-based
instruments have been used to map bathymetry (Brock et al. 2004; Reigl et al. 2009) and
observe sea ice concentration (DrUe and Heinemann 2005; Laine 2008), sea surface
temperature (Liu et al. 2004), and ocean color (Carder et al. 1999, Acker et al. 2004).
Products derived from these data inform managers on resource distributions, potential
threats, and change in resources over time. For example, the National Oceanic and
Atmospheric Administration (NOAA) produces the Coral Bleaching Alerts based on
remotely-sensed sea surface temperature data to indicate the potential for bleaching
within regions (NOAA 2009), and acoustics are used to identify fish species and size
distributions for the management of commercially important fisheries in New Zealand
(McClatchie et al. 2000).
In recent years, remotely sensed data of tropical marine ecosystems from
multispectral and hyperspectral sensors on space-borne (Le., satellite) or suborbital
platforms (i.e., airplanes and unmanned aircraft systems) have become more common
(Peterson et al. 2003; Andrefouet and Reigl 2004) for these purposes. Despite this
success, technical and logistical limitations constrain the accurate identification of reef
community structure by both hyperspectral and mUltispectral sensor systems (Lubin et al.
2001; Andrefouet et al. 2002; Joyce et al. 2004). Coral reef benthic types show
reflectance peaks between 550 and 650 nm requiring imaging spectrometers and
multispectral imaging systems to be optimized in the visible range (400 nm to 650 nm)
and have a high signal-to-noise ratio over dark targets (e.g., water) to gather spectral
information from benthic targets in shallow reef ecosystems (Guild et al. 2009; Lobitz et
al. 2009). Further, integrating in situ spectra for classification training and pixel linear
unmixing improves classification accuracy (Hochberg et al. 2003; Hedley and Mumby
2003; Purkis and Pasterkamp 2003; Mobley et al. 2005; Purkis 2005; Guild et al. 2009).
However, gaps in matching in situ spectra with remote sensing data exist due to light
attenuation and scattering in the atmosphere and water columns (Hochberg et al. 2003;
Hochberg et al. 2004; Lobitz et al. 2009), sun glint effects at the air-water interface, and
the difference in the spatial scale of these measurements.
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Remote sensing data have been used to observe mesoscale patterns in sea-surface
temperatures and to identify the potential for bleaching at the region-wide scale (Donner
et a1. 2007; Wilkinson and Souter 2008). In 2005, a massive bleaching event occurred
throughout the Caribbean due to elevated sea-surface temperatures, which persisted for
months, resulting in mass mortality and disease outbreaks (Miller et a1. 2006; Donner et
a1. 2007; Whelan et al. 2007; Oxenford et a1. 2008; Muller et al. 2008; Rowlands et al.
2008; Steiner and Kerr 2008; Wilkinson and Souter 2008). During the bleaching event,
NOAA used A VHRR imagery to monitor the development of sea surface temperature
anomalies (Le., hotspots) producing images for "HotSpots" (Figure 18) and "Degree
Heating Weeks" (DHW; Figure 19). The information was used to produce "Bleaching
Watch Alerts" (BWA) to warn researchers and managers ofthe potential for bleaching
(Wilkinson and Souter 2008). The BWA alerted the coral reef community of a large-scale
disturbance allowing researchers and managers to prepare monitoring efforts to quantify
the extent and duration of the bleaching event, and they provided a historical record of
the sea-surface temperatures allowing for comparisons with future events when they
occur (Wilkinson and Souter 2008).
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Figurl' IS: HotSpots image produced by NOAA's coral watch program showing the thermal anomaly
that induced bleaching in the western Atlantic Ocean (Image source: NOAA Coral Reef Watch,
hnp:llwww.osdpd.noaa.gov/data/cb/hotspots/200S/hotspotw.IO.IS.200S.gif).

Figure 19: Degree heating week (DHW) image produced by NOAA' s coral watch program showing
the thermal anomaly tbat induced bleaching in the western Atlantic Ocean (Image source: NOAA
Coral Reef Watch, http://w ww.osdpd.noaa.gov/d ata/cb/dhw/200S/dhwa.lO.lS.2005.gif).
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Summary
Coral reef ecosystems provide valuable ecosystem goods and services; however,
their health and resilience has declined due to natural and anthropogenic factors.
Furthermore, these declines are predicted to continue in the near future. Due to these
declines, the need for coral reef conservation has been recognized within the research
community, the federal government, and among non-government organizations leading to
an increase in conservation actions. Specific avenues promoted for coral reef
conservation is the implementation of MP As and the mapping of shallow coral reefs
using remotely-sensed data. MPAs have been shown to benefit marine ecosystems;
however, controversy surrounds their implementation. Maps derived from remotely
sensed data allow visualization ofthe spatial distribution of marine resources and;
however, technical and logistical limitations constrain the information derived for
shallow water ecosystems. The development and improvement of techniques for map
production and the application of landscape ecology principles and derivation of
ecological information needed by resource managers from these products are active areas
of research, and progress made in these areas will benefit both scientific understanding
and conservation of coral reef ecosystems.
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LANDSCAPE IMAGES FROM SITE 235 IN 2009

The following figures illustrate the benthic communities observed at one sampling
site in the final year of the study. These images should provide the reader unfamiliar with
the coral reef benthos a better understanding of the environment being sampled. Several
important benthic cover classes are highlighted in each image including important
scleractinian species, gorgonians, poriferans, macroalgae, and turf algae. From these
images, the reader should understand that sampling benthic communities and detecting
change within them is complicated by the spatial heterogeneity ofthe benthic organisms,
the rugosity of the benthos, and the fluid environment in which divers must work.
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Figure 20: Landscape image from Site 235 in 2009 showing a) a mostly dead M. annularis colony covered by turf algae, b)
poriferans, c) P. astreoides colonies, d) Halimeda thalli, and e) a sand patch. (Photo credit: Liane Guild 2009)
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Figure 21: Landscape image from Site 235 in 2009 showing a) M. annularis colonies, b) poriferans, c) P. astreoides colonies, d)
gorgonians, e) turf algae, and t) Porolithon. (Photo credit: Liane Guild 2009)
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Figure 22: Landscape image from Site 235 in 2009 showing a) M. annularis colonies, b) poriferans, c) P. astreoides colonies, d)
gorgonians, and e) turf algae. (Photo credit: Liane Guild 2009)

79

Figure 23: Landscape image from Site 235 in 2009 showing a) M. Javeolata colonies (which are combined with M. annularis
colonies for the analyses due to difficulty in distinguishing the two species in photoquadrats), b) poriferans, c) P. astreoides,
and d) turf algae. (Photo credit: Liane Guild 2009)
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R CODE FOR STATISTICAL ANALYSIS
The following R code fonns the basis of the model-fitting process, which includes
the creation of the spatial autocorrelation variable and the two models included in the
model comparison to detect change. These commands were incorporated into the initial
change detection for benthic cover classes and the sensitivity analyses. Commands used
to read, fonnat, write, or other otherwise alter the structure of data tables and matrices are
excluded. Additionally, the only loop included is that used to create the spatial
autocorrelation variable. Only the fundamental commands are included to enable to the
reader to identify code useful for their own goals. That being said, those interested in
viewing the full code can contact the author. Also, note that the symbol # indicates a
comment.
# These two libraries must be loaded because the following commands rely on them.
1

(spdep); 1

(spatial)

# This functions sets up the AIC table to be printed at the end of the process.
AlCtable <- function ( aic, n) {
K <- aic$df
AlCc <- aic$AlC + 2 * K * (K+1) I ( n - K - 1 )
delAlC < AlCc - mini AlCc )
AlCw <- exp(-0.5*delAlC) I sum( exp(-0.5*delAlC))
er <- max(AlCw) I AlCw
data.frame( aic, AlCc, delAlC , AlCw, er)
I

# This function fits an exponential decay function to the correlogram.
f

function(p, correll (
p[l]
= p[2]
se
1
sum(
sse

d

, se=l )) "2

expcov(correl$x, d=d,

return(sse)
}

# The following commands convert x (latitude), y (longitude), and year into the
# appropriate fonns for model fitting. There are two sets of input variables; one for each
# year of data.
xl
y1

<- ifelse(pt.data.2a$col.5a
yr_set1, 0, 1)
<- pt.data.2a$col.10a - min(pt.data.2a$col.10a)
<- pt.data.2a$col.11a - min(pt.data.2a$col.11a)

# Create the binary response variable (presence/absence) for the selected cover class.
response 1 = ifelse

.data.2a$col.2a == cov_cls, 1, 0)

# Create the spatial autocovariance variable (sac.var). Note that the following commands
# are specific to a single year of data.
surface1 <- surf.ls{2,data.frame(x=x1, y=y1,

) )
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cc1
n

mat1
resp1
sac.var1 <
m1

correlogram(surface1, 2000, plotit=F)
length(
)
as.matrix(data.frame(x1,yl))
response1
c (rep (0, n))
nlm( f=f, p=c(10,0.4), correl=cc1 )

fort u in l:n) {
i f ( u < 5 I u %% 100==0) { print(u); flush.console()
sumw = 0
sumwy
0
ivec
mat1[u,1:2]

}

fort v in l:n ) {
if( v
u) next
thresh = 100
dx
ivec[l] - mat1[v,1]
if( dx > thresh) next
dy
ivec[2]
mat1[v,2]
if( dy > thresh) next
dist = sqrt( dx A2 + dyA2
if( dist > thresh) next
w = expcov(dist, d=m1$estimate[1], alpha=m1$estimate[2], se=l)
sumw = sumw + w
sumwy = sumwy + w * resp1[v]
avey
sumwy / sumw
sac.var1[u] = avey

# Create the models that will be used to detect change.
MO <- glm( response - sac.var, family
binomial(link="logit"),
data=pt.data.23)
M1 <- glm( response - sac.var + year, family
binomial(link="logit lJ ) ,
data=pt.data.23)

# Create the model selection table.
n aic <- length (MO$residuals)
AICt <- AICtable( AIC(MO, M1), n

